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During tests subsequent to those from which this

report was prepared, it was found that a constant per--

centage error had been introduced into strain readings
made with the particular Tuckerman extensometer
used, because its collimator had been equipped with
an objective lens of focal length differing from the
standard value for this instrument. An investigation
has disclosed that this collimator was a very early
type. At the time of its manufacture (1923), the ob-
jective lens was not ground to a fixed focal length,
but the collimator had been equipped with an auxiliary
“focal adjuster” lens, in order to make the instrument
direct reading. This auxiliary lens had long since been
discarded from the collimator, due to certain diffi-
culties in its adjustment. This fact was not known to
the authors until after the report was in print.

The following corrections in values given in the dia-
grams and tables' are therefore necessary.

(1) All values of the modulus of elasticity should be
multiplied by the factor 1.075, with the following excep-
tions:

(@) Inconel L, cold drawn, as received (figs. 11 and
15 and the value of 70° F. in the right hand side of fig.
21); (b) aluminum-monel metal H, quenched and
cold-drawn (figs. 7 and 19); (¢) 13:2 chromium nickel
steel E, as received (figs. 37 and 38 and the value at
1240° F. in fig. 34); (d) the modulus values (obtained
from Rep. No. 670) plotted as squares in figure 30;
(¢) modulus values for 18:8 chromium-nickel steel 2A-1
and 13:2 chromium-nickel steel B in table IV. No
correction should be made to these excepted values,
since they were calculated from readings obtained with
the Ewing extensometer with 5:1 ratio.

(2) Values of the stress coefficients of the modulus,
C, and C’, will not be changed.

These corrections will not affect the conclusions
reached in this report, since these conclusions are based
upon a comparison of values obtained with the differ-
ent metals and upon the characteristics of the various
curves. The corrections, moreover, will not affect the
usefulness of the illustrations showing the influence of
the various factors on the elastic properties of metals.
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SUMMARY

A general discussion is given of the relationships between
stress, strain, and permanent set. From stress-set curves
are derived proof stresses based on five different percentages
of permanent set. The influence of prior plastic extension

on these values s illustrated and discussed. A discussion

is given of the influence of work-hardening, rest interval,
and internal stress on the form of the proof stress-extension
curve.

From corrected stress-strain curves are derived curves of
variation of the secant modulus with stress. For fully
annealed single-phase metals, the stress-modulus line 1is
curved. After more or less work-hardening (unless the
metal is relatively soft), the stress-modulus line becomes
straight. Hardening by the addition of a second micro-
constituent also tends to straighten the stress-modulus line.

A straight stress-modulus line means that the stress-
strain curve is a quadratic parabola; the linear siress
cocfficient of the modulus of elasticity may then be repre-
sented by a constant (Cy). When the stress-modulus line
18 curved, a second constant (C') is needed to represent the
curvature; this constant is a quadratic stress coefficient of
the modulus. The sitress-strain curve maoy therefore be
approximated either by superposition of a cubic parabola
on a quadratic parabola or by a single parabola whose
exponent ranges between 2 and 3. The relations are
represented by a set of simple equations.

The variations of E, (the modulus of elasticity at zero
stress) and C, with prior plastic extension are illustrated
and discussed. The variations of Hy, Co, and the proof
stresses consist in o wavelike basic curve with superposed
oscillations due to varying duration of the rest interval
and to the extension spacing.

The elastic properties of monel metal, Inconel, and
aluminum-monel metal are considered. Comparison s
made between diagrams of various types, for work-hardened
metal and for metal that has been annealed either for com-
plete softening or for relief of internal stress. A study s
made of the effect of annealing temperature on the proof
stresses and on Ey and Cy. The proof stresses of cold-
worled metal may be greatly increased by suitable anneal-
ing without important loss of yield strength.
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The effect of annealing on the elastic properties of 18:8
chromium-nickel steel and also the influence of plastic
extension on the proof stresses and on Ey and C, are dis-
cussed. The influence of heat treatment and of plastic
extension on the elastic properties of 18 : 2 chromium-
nickel steel 1s considered. The proof stresses for these
alloys may be greatly increased by suitable annealing or
other heat treatment.

Comparison of the elastic properties of copper with
those of the other metals throws much light on the interrela-
tionship between various factors affecting these properties.

The directional variation of the modulus of elasticity of
metal crystals and the variation of crystal orieniation
with plastic deformation is discussed. These data are
then applied to a discussion of the influence of plastic
extension on the form and the initial slope of the stress-
strain curve. It is shown that the forms of the curves of
varwation of Ey and C, with prior plastic extension are
affected by three factors: the work-hardening factor, the
indernal stress, and the change of crystal orientation.
These factors also affect the inclination of the entire
stress-strain curve up to the yield point.

INTRODUCTION

An investigation of the tensile elastic properties of
high-strength aircraft metals sponsored by the National
Advisory Committee for Aeronauticsis being conducted
at the National Bureau of Standards. In a previous
report (reference 1) has been described the results ob-
tained with five steels whose compositions were within
the ordinary range of 18 : 8 chromium-nickel steel. In
the annealed condition, this alloy is relatively soft. It
can be strengthened by cold work but not (to an im-
portant extent) by heat treatment. Four of the com-
positions were in three degrees of hardness (designated
fully annealed, half-hard, and hard), and one was in
two degrees of hardness.

The elastic properties considered were the modulus of
elasticity and the elastic strength. The elastic strength
was expressed in terms of five indices, each representing
the stress that resulted in a chosen amount of perma-
nent extension (permanent set) after removal of the
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tensile load. The five percentages of permanent set
were: 0.001, 0.003, 0.01, 0.03, and 0.1. The stresses
that cause these permanent extensions were termed
“proof”’ stresses. The proof stresses weré obtained by
interpolation from curves of variation of permanent set
with previously applied stress. '

From corresponding curves of variation of the total
extension (both elastic and permanent) with stress,
corrected graphs were obtained, representing the varia-
tion of elastic strain with stress. From these graphs
(for 18 : 8 chromium-nickel steel), which were found to
be curved from the origin, were derived the variations
of the secant modulus with stress. Stress-modulus
lines thus obtained were found to be curved for fully
annealed metal. After a small amount of prior plastic
extension, however, the stress-modulus lines became
straight. The half-hard and the hard 18:8 alloys
generally gave straight stress-modulus lines.

Equations were derived to represent these stress-
modulus lines. One of the constants in the equation
is Young’s modulus and the other is the stress coefficient
of the secant modulus. By use of these constants ob-
tained from the stress-strain curve and by use of the
proof stresses obtained from the stress-set curve, a
fairly good picture of the elastic properties of a metal
may be obtained.

A study was made of the influence of prior plastic
extension on the elastic properties of 18 : 8 chromium-
nickel steel. The information was presented by curves
of variation with prior plastic extension of the modulus
at zero stress, of its stress coefficient, and of the five
proof stresses.

Consideration was also given to the influence of
positive and negative creep on the stress-strain and the
stress-set curves and on seven derived indices. The
observed variation of these indices with plastic extension
was found to be greatly affected by the duration of the
interval between plastic extension and the beginning of
the next determination of a stress-strain or a stress-set
curve, and also by the “extension spacing’’ (amount
and distribution of the intervals of plastic extension
between two determinations of stress-strain or stress-set
curves).

The present report includes the results of a continued
investigation of the elastic properties of 18 :8 chro-
mium-nickel steel. It also includes the results of inves-
tigation of a heat-treatable stainless steel and of four
nonferrous metals. The heat-treatable steel contained
about 13 percent chromium and 2 percent nickel.
Three of the nonferrous metals were high-strength
alloys: monel metal, aluminum-monel metal (K-monel
metal), and Inconel (an alloy containing about 13
percent chromium, 82 percent nickel, and 5 percent
iron). The other nonferrous metal was copper. Three
specimens of oxygen-free copper, which is being used
in an investigation of creep of metals, were used for
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this investigation of elastic properties. The informa-
tion thus obtained, which is included in this report,
makes it possible to compare the elastic properties of
a pure, relatively soft metal with the elastic properties
of metals that have been hardened by alloying and by
cold work, and thus to evaluate the separate and the
combined influences of important factors affecting the
elastic properties of metals.

The monel metal used in this investigation is also
being used in an investigation of creep of metals at
elevated temperatures. In that investigation as well
as in an investigation of elastic properties, it is necessary
to separate (as far as possible) the total strain into its
two components—plastic strain and elastic strain.

In addition to continued study of the influence of
plastic extension on elastic properties, this report in-
cludes the results of investigation of the influence of
annealing, especially annealing for relief of internal
stress without important decrease of strength. The
report also considers the influence of heat treatment on
the elastic properties of 13 : 2 chromium-nickel steel.

The metals used in this investigation and the methods
of experiment are described in section I. A brief
outline of the relationship between stress, strain, and
permanent set, and of the methods of obtaining stress-
deviation and stress-set curves, is given in section II.
Sections III to VIII, inclusive, consider the tensile
elastic properties of the six previously mentioned metals,
as affected by plastic extension and by annealing or
other heat treatment. Section IX gives a general
discussion of the influence of erystal orientation on the
elastic properties of metals and of the variation of
crystal orientation with plastic extension of a poly-
crystalline aggregate. The information thus assembled
is applied in section X to a discussion of the influence
of three important factors on the variation of the secant
modulus, the variation of the modulus of elasticity, and
the variation of its stress coefficient, with prior plastic
extensions. Section X considers the form of the stress-
strain (or stress-deviation line) as affected by the three
factors associated with plastic extension. The con-
clusions reached in this discussion are chiefly based
on a comparison of diagrams obtained with the six
metals considered in this report.

1. MATERIALS, APPARATUS, AND METHODS
MATERIALS AND SPECIMENS

The 18:8 chromium-nickel steel used in this investi-
gation was supplied by the Allegheny Ludlum Steel
Corporation through the cooperation of Dr. V. N.
Krivobok, associate director of research. The monel
metal, the aluminum-monel metal, and the Inconel
were supplied by the International Nickel Co. through
the cooperation of Mr. A. J. Wadhams, director of
research. The 13 : 2 chromium-nickel steel was supplied
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by the Carpenter Steel Co. through the cooperation of
Mr. G. V. Luerssen. The oxygen-free copper was
supplied by the Scomet Engineering Co. through the
cooperation of Mr. Sidney Rolle, assistant manager.
Acknowledgment is made to all these companies and to
their representatives for their generous cooperation.

All six metals were supplied in the form of round rods.
The 13 :2 chromium-nickel steel was supplied in the
annealed condition  (heated to 1,240° F and slowly
cooled in the furnace). The copper was cold-rolled.
The other four metals were cold-drawn. The composi-
tions of the metals are given in table I. The tensile
properties of the rods as received are given in table II.
In each serial designation, the composition is indicated
by the first letter (in reference 1 the composition is
indicated by & number). The 18:8 chromium-nickel
steel used in the investigation of the effect of relief of
internal stress was supplied in half-hard and hard
gondition. The degree of hardness is indicated by the
letters M or H, respectively, following the letter repre-
senting the composition. In order to indicate any
annealing or tempering treatment given to the metal,
the serial designation includes also a number represent-
ing the temperature of the treatment (the number of
Fahrenheit degrees in hundreds). Details of thermal
treatment are given in table III.

Only tension-test specimens were used in'this investi-
gation, The diameters of these specimens over their
gage length and the corresponding bar diameters are
given in table II. As the error (in pounds) in estima-
tion of the load is practically independent of the load,
the percentage error decreases with increase in load;
hence, the percentage error in estimation of both load
and stress decreases with increase in the cross section of
the specimen. Tor this reason, the gage diameters
were made as large as possible. In other respects, the
specimens were according to the standard of the Amer-
ican Society for Testing Materials for threaded speci-
mens with 2-inch gage length. The ratio of gage length
to diameter was unimportant in this investigation
because the investigation of elastic properties never
required extension beyond the point of beginning local

contraction.
APPARATUS

A pendulum hydraulic testing machine of 50,000~
pound capacity was used. The specimens were held
in grips with spherical seats. In some of the earlier
experiments, a Ewing extensometer with ratio 5:1 was
used. The smallest scale division on this instrument
corresponds to a change of length of 0.00008 inch, and
readings could be estimated to about 4-0.000008 inch;
this sensitivity corresponds to a strain sensitivity of
44,0310 percent for the 2-inch gage length used.
The Ewing extensometer measures the average of the
extensions on two opposite sides of the specimen. In
the later experiments, & pair of Tuckerman optical
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strain gages were used; these gages were attached to
the opposite sides of the specimens. The smallest
scale division on this extensometer corresponds to a
change in length of 0.00004 inch. By means of a
vernier on this instrument, it is possible to estimate
changes of length to within about 0.000002 inch;
this sensitivity corresponds to a strain sensitivity of
1.0X10:4 percent for the 2-inch gage length used.

METHOD OF INVESTIGATION

The experiments consisted in determining the total
strains at various stresses, and the corresponding per-
manent extensions after release of load. The results
thus obtained were used in plotting correlated stress-
strain and stress-set curves. From the stress-set
curves, proof stresses were obtained corresponding to
permanent sets of 0.001, 0.003, 0.01, 0.03, and 0.1
percent. From the stress-strain curves, values were
obtained for the modulus of elasticity.

As one object of the investigation was to determine
the variation of elastic properties with plastic deforma-
tion, the previously mentioned correlated information
was obtained with specimens that had received various
degrees of cold-work. In order toinvestigate the effects
of numerous small variations in prior plastic deforma-
tion, specimens were extended by numerous short
stages; and stress-strain and stress-set curves were
obtained after each of these stages. With the same
specimen, it was thus possible to obtain a sequence of
curves representing the variation of elastic properties
with plastic deformation.

ACCURACY OF DETERMINATION OF STRESS-SET CURVE-S

Permanent set was not measured at zero load but
at a load of 200 pounds. In order to determine the
error in setting at this load, a series of extensometer
readings was taken (with the same specimen) involving
repeated increase of the load to a maximum (the
selected value of this maximum being low enough to
avoid permanent set) and reduction again to the mini-
mum. The maximum difference between two successive
readings at the minimum was equivalent to a load
change of 6 pounds. This value corresponds to a
stress error of 30 to 120 pounds per square inch, depend-
ing on the gage diameter of the specimen used. This
stress error corresponds to a strain error of 0.0001 to
0.0004 percent, assuming & modulus of 30 million
pounds per square inch. The effect of this error would
be most important in determination of the lower part
of a stress-set curve. As proof stresses in this report
are based on permanent sets of 0.001, 0.003, 0.01, 0.03,
and 0.1 percent, the corresponding meaximum errors
in these proof stresses probably would not exceed 10 to
40 percent, 3 to 12 percent, 1 to 4 percent, 0.3 to 1.2
percent, and 0.1 to 0.4 percent, respectively.
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When a stress-set curve was plotted however, a
number of determinations of permanent set were made
and the curve was faired through all these points. The
probable error involved in determining proof stresses,
therefore, would be somewhat less than those for single
measurements. The percentage error in determining
values for the proof stress corresponding to a per-
manent set of 0.001 percent, however, is rather large.
The error, nevertheless, is insufficient to invalidate the
results; as shown in a number of figures to be dis-
cussed, variations of the 0.001-percent proof stress
(with the various factors) are qualitatively similar to
variations of the proof stresses corresponding to higher
values of permanent set.

II. THE RELATIONSHIP BETWEEN STRESS, STRAIN,

AND PERMANENT SET
RELATIONSHIP BET WEEN STRESS-STRAIN AND STRESS-SET CURVES

Investigation of the elastic properties of metals in-
volves investigation of the relationship between stress,
strain, and permanent set. A stress-strain curve alone
gives incomplete information about elastic properties.
This information needs to be supplemented by infor-
mation about the relation between stress and the
slight plastic extension (permanent set) remaining after
removal of the stress. For the study of elastic proper-
ties, consequently, use should be made of both stress-
strain and stress-set curves. The stress-set relationship
was studied by means of a series of gradually in-
creasing cycles of application and removal of stress, and
by observation of the permanent set at the end of each
cycle. The maximum stress was small in the first
cycle but was increased from ome cycle to the next
until the total permanent set amounted to 0.1 percent
or more. A stress-set curve is obtained by plotting
the stress at the top of the cycle against the total
permanent set at the bottom.

Each cycle of application and removal of stress may
be represented by a continuous stress-strain curve.
The ascending and descending portions of this curve
generally do not coincide but form a loop, known as a
hysteresis loop. The greatest width of the loop and
the opening at the bottom depend on the stress range
and on the number and the size of any previous cycles.
Unless the loop is closed at the bottom, the width of
the loop depends also on the duration of the cycle.
The width of the opening at the bottom of the loop is 2
measure of the net permanent set due to the cycle.
The net permanent set is the difference between the
positive and the negative creep occurring during the
cycle. (Positive creep tends to occur chiefly near the
top and negative creep near the bottom of the loop.)
The interrelationship between -stress, strain, and per-
manent set, therefore, cannot be studied successfully
without considering the influence of hysteresis and of
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positive, and negative creep. In the previous report
(reference 1), considerable attention was given to
hysteresis, as affected by cyclic repetition and cycle
frequency.

The stress-strain relationship may be studied con-
veniently with the help of a stress-deviation curve.
Such a curve is obtained by plotting, instead of total
strains, the differences between the total strains and the
strains estimated by use of an assumed constant value
of the modulus of elasticity. These differences repre-
sent deviations from an assumed straight stress-strain
line, whose slope represents the assumed value of the
modulus. By a suitable choice of the assumed value of
the modulus, the stress-deviation curve gives a very
sensitive representation of the variation of strain with
stress.

A series of gradually increasing cycles of application
and removal of stress, in determining a stress-set curve,
may be represented by a continuous, complex siresg
deviation curve, in which each cycle of stress is repre-
sented by a hysteresis loop. The entire series of cycles
is thus represented by a series of gradually increasing
hysteresis loops, as illustrated in figure 3 of reference 1.
From the origin of such a series of loops may be drawn a
continuously rising curve, starting at the origin of the
series and passing through the tops of all the hysteresis
loops. By this method were obtained the numerous
stress-deviation curves shown in the previous report
and in the present report. A curve thus obtained is
practically identical with a curve obtained by uninter-
rupted increase of stress. A stress-set curve may be
obtained from the same series of hysteresis loops by
plotting the stress at the top of each loop against the
total permanent set at the bottom.

THE INFLUENCE OF CREEP, AND OF OTHER CHANGES DEPENDENT
ON TIME, ON THE FORM OF THE STRESS DEVIATION AND THE
STRESS-SET CURVES

The observed net permanent set, due to a stress cycle,
depends not only on the positive and negative crecp
during the cycle but also on the negative creep during
the interval between the removal of the stress and the
observation of the permanent set. The observed per-
manent set therefore depends considerably on the dura-
tion of the cycle and on the time interval at the end of
the cycle. A stress-set curve being based on a series of
cycles, the course of such a curve is affected by the dura~
tion of the individual cycles and by the time intervals
between the cycles. The course of the ascending part
of a hysteresis loop, especially near the beginning of the
ascent, may be affected by negative creep if time is not
given for the most rapid part of the negative creep at
the end of the preceding cycle. The courses of a stress-
deviation curve and a stress-set curve are also influenced
by the “rest interval”’ between any prior plastic defor-
mation and the beginning of the determination of the
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correlated curves. The type of curve, therefore, is
affected more or less by the entire time schedule.

In the investigation described in the previous report,
2 definite time schedule was followed during each cycle.
After loading, the strain was measured immediately.
An interval of 1 minute, however, was provided between
the end of each cycle and the instant of observation of
the permanent set (at the beginning of the next cycle).
This interval was found sufficient to permit practically
all the thermal creep and the most rapid portion of the
inelastic creep.! In the experiments described in the
present report, 8 2-minute rest interval was provided
before strain measurement after both application and
removal of load.

In the previous report, much attention was given
to the effect of the rest interval between plastic exten-
gion and the beginning of determination of the next
pair of correlated curves. This rest interval was
intentionally varied between about 2 minutes and
several days; occasionally the interval was considerably
longer. In some experiments, provision was made
for o rest interval of 30 minutes with the specimen in
boiling water. The short rest interval at this tempera-
ture was found to have as much effect on the elastic
properties of 18:8 chromium-nickel steel as a rest
interval of & day or more at room temperature. Con-
tinued attention was given to the influence of the rest
interval during the experiments described in the present
report.

CORRELATED STRESS-DEVIATION AND STRESS-SET CURVES

By correlating stress-deviation and stress-modulus
curves, information may be obtained about the elastic
strength and the modulus of elasticity. In thisreport,
as in the previous report, such correlated curves and
diagrams derived from them are used in studying the
influence of plastic deformation and of heat treatment
on elastic properties of typical metals.

Correlated stress-deviation and stress-set curves are
shown in figure 1 and in a number of other figures of
the same type. The stress-set curves are in the lower
row of each figure; directly above the origin of each
stress-set curve is the origin of a corresponding pair
of stress-deviation curves. The broken curve of each
pair of stress-deviation curves is based on the observed
total deviations at the indicated stresses. (The experi-
mentally determined points upon which this curve is
based, are differentiated by keyed symbols.) Kach
broken curve represents the influence of stress on total
deviation. The continuous curve of each pair of
stress-deviation curves is derived from the broken
curve by deducting from the total deviations the devi-
ations equivalent to the corresponding stress-set curve.
Each continuous stress-deviation curve, therefore,

¢ A general discussion of thermal creep and inelastic creep is given in reference 1.
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presumably represents the influence of stress on elastic
deviation.

OI. THE TENSILE ELASTIC PROPERTIES OF MONEL
METAL AS AFFECTED BY PLASTIC DEFORMATION
AND BY ANNEALING

DESCRIPTION OF THE MONEL METAL

In the study of the elastic properties of high-strength
nonferrous metals, it appears desirable to begin with a
single-phase alloy, that is, an alloy whose elastic strength
depends chiefly on plastic deformation. The alloy
chosen for this purpose was monel metal.

The monel metal (designated G) had been obtained
primarily for use in an investigation of creep of metals
at elevated temperatures. For this purpose, it was
desired that the alloy contain, as nearly as possible,
only one metallographic constituent. The composition
(given in table I), therefore, is adapted for this purpose
and not primarily for giving the highest obtainable
strength. In order to secure a fine-grained material,
cold-worked uniformly throughout the cross section,
the cross section had been reduced by cold drawing
somewhat more than usual for ordinary commercial
cold-drawn rod of this size.

The recrystallization .range for cold-worked monel
metal is about 1,100° to 1,200° F but depends con-
siderably on the degree of cold work. For investiga-
tion of the elastic properties, one specimen was tested
as received. Another specimen was tested after an-
nealing at 800° F. Annealing at this temperature
generally removes a large proportion of the internal
stress without an important loss of tensile strength and
hardness and with an improvement in elastic strength.
Two specimens also were tested after annealing for
recrystallization. One of these specimens was annealed
at a temperature (1,200° F) just above the recrystalli-
zation range; the other specimen was annealed at
1,400° F. In the discussion of the results obtained
with monel metal, attention will first be directed to the
metal in a relatively soft condition, after annealing at
1,200° and 1,400° F.

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE STRESS-
SET CURVE AND ON THE DERIVED PROOF STRESSES FOR FULLY
ANNEALED MONEL METAL

Correlated stress-deviation and stress-set curves
obtained with annealed monel metal are shown in
figure 1 and in the diagram at the left of figure 8. The
stress-set curves in each figure are in the lower section.
The origin of each curve is shifted to the right a constant
distance from the origin of the preceding curve. Each
curve thus has its own scale of abscissas. Distances
between the origins have no relation to the scale of
abscissas.

All the curves of figure 1 were obtained with a
specimen that had been annealed at 1,400° F. All the
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curves of the diagram at the left of figure 3 were ob-
tained with a specimen that had been annealed at
1,200° F. The curves were obtained consecutively
from left to right, by methods described in sections I
and II, and with intervening (varying) amounts of
prior plastic extension. Neither the intervening per-
centages nor the total percentages of prior plastic ex-
tension are indicated in figures 1 and 3. The curves
in each figure are numbered consecutively, however,
and the percentages of prior plastic extension may be
found by referring to the correspondingly numbered
experimental points in figures 2 and 4, which are
derived from the stress-set curves in figures 1 and 3,
respectively.

¥rom each stress-set curve in figures 1 and 3 are
derived five proof-stress values, corresponding to the
five previously mentioned percentages of permanent set.
In figures 2 and 4, these proof stresses are plotted
against the corresponding percentages of prior plastic
extension. The five curves thus obtained are separated
by using five different indicated scales of ordinates.
The ordinates in these figures, as in figures 1 and 3,
represent ‘““true stresses,” based on the sectional area
at the beginning of determination of each stress-set (or
stress-deviation) curve. A true-stress value, conse-
quently, is obtained by multiplying the corresponding
nominal stress (stress based on the initial sectional
area) by 1 plus the fractional extension (1 plus ¥oo of
the extension in percent).

After the initial stress-set curve had been determined,
a second curve was determined with practically no
intervening plastic extension. The specimen was then
extended by numerous small stages to the beginning of
local contraction (maximum load). After each of these
stages, the specimen was allowed to rest without stress
for an interval of varying duration, and a stress-set
curve was then determined. The duration of the prior
rest interval is indicated by the symbol placed at an
experimentally determined point on each stress-set
curve. The duration, as shown in figures 1 and 3,
ranged from 3 minutes to 164 hours.

As shown in figures 2 and 4, the experimental points
in each curve (with the exception of the last experi-
mental point in each curve of fig. 2) are distributed in
pairs, which are separated by relatively long plastic
extensions. Each pair of experimental points is de-
rived from a pair of stress-set curves determined with
no intervening plastic extension. The difference in
prior plastic extension (for the curves of a pair), there-
fore, is merely the extension made in determining the
first curve of the pair. The alternate long and short
plastic extensions were made to reveal the influence of
one of the variables affecting the form of the stress-set
curve and the values of the derived proof stresses.
This variable is the distribution of the determinations
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of stress-set curves throughout the range of plastic
extension; it has been termed ‘“‘extension spacing.”

The stress-set relationship, as affected by plastic
extension, rest interval, and extension-spacing, may
best be studied by considering both the stress-set
curves and the derived curves of variation of proof
stresses with prior plastic extension. The steeper the
stress-set curve, the higher are the derived proof
stresses.

The initial stress-set curves (curves 1 in figs. 1 and
3) show no appreciable permanent set at stresses below
about 30,000 pounds per square inch. With in-
crease in stress above about 30,000 pounds per
square inch, permanent set increases at an increasing
rate, and a yield point is reached at about 40,000
pounds per square inch. In curve 2 of each of these
figures, the stress at which permanent set becomes
appreciable is lower than in curve 1, and curve 2 re-
mains below curve 1. Curve 3, up to the yield point,
is below curve 2. Minimum steepness is found in
curve 5 of figure 1 and in curve 3 of figure 3. These
and other variations in steepness can best be studied
by means of the corresponding variations of proof
stresses, as shown in figures 2 and 4.

As indices of elastic strength, the proof stresses based
on 0.001 and 0.003 percent permanent set probably
should receive more consideration than the three proof
stresses based on larger percentages of permanent set.
The 0.10 percent proof stress probably should be viewed
as an index of resistance to yield rather than as an index
of elastic strength. In the discussion of curves of
variation of proof stress with prior extension (figs. 2 and
4), therefore, chief attention will be given to the curves
representing the 0.001- and the 0.003-percent proof
stresses.

Corresponding to the previously described variation
in steepness of the stress-set curve, there are variations
in height of the derived curves in figures 2 and 4. The
curves representing 0.001- and 0.003-percent proof
stress descend rapidly from the origin and reach a
minimum when the prior plastic extension is about 1
percent. Beyond this minimum, the curves rise
rapidly until they reach a maximum, at an extension of
a few percent. The extension at the maximum de-
pends considerably on the variations in the rest interval
and on the extension spacing of the experimental points.
Beyond this maximum, the 0.001-percent curves oscil-
late through a relatively wide vertical range, without a
general upward trend until the prior extension exceeds
about 20 percent. The 0.003-percent curves, beyond
the first maximum, show a general upward trend, with
wide oscillations.

The prior extension at the first minimum is not the
same in ‘all the curves of each figure. In figure 2, the
minimum is ab point 5 in the lower two curves but is at



TENSILE ELASTIC PROPERTIES OF STAINLESS STEELS AND NONFERROUS METALS

points 3 and 4 in the upper three curves. In figure 4,
the first minimum is at point 3 in the lower three curves
but is at point 2 in the upper two curves. The exten-
sion at the first minimum evidently decreases with
increase in the permanent set on which the proof stress
is based. In each figure, however, all five points de-
rived from stress-set curve 2 are below the correspond-
ing points derived from stress-set curve 1. This rela-
tionship is in accordance with the fact that stress-set
curves 2, throughout the range shown in figures 1 and
3, are below curves 1.

Beyond the first maximum in the curves of figures 2
and 4, the oscillations are due largely to the combined
influence of the rest interval and the extension spacing.
The prior rest intervals, for the curves in figures 1 and
3, were alternately long and short. A relatively long
rest interval preceded the determination of the first
experimental point of each pair and thus followed a
relatively long plastic extension. Preceding the second
experimental point of each pair was a relatively short
rest interval. The alterations in the duration of the
rest interval, therefore, correspond qualitatively to the
alternations in the extension interval. The evidence
in figures 1 to 4 indicates that the combined influence
of the duration of the rest interval and the extension
spacing greatly affects the steepness of the stress-set
curve and the form of the proof stress-extension curves
for monel metal.

The first stress-set curve of a consecutive pair (figs.
1 and 3) evidently tends to be less steep than the
second curve. To this relationship there are few ex-
ceptions. Prominent examples of this relationship
are: Pairs 13-14 and 19-20 of figure 1, and pairs 3—4,
13-14, and 15-16 of figure 3. Corresponding to these
differences in slope are differences in the derived proof
stresses; these differences cause the second experimental
point of each pair in figures 2 and 4 to be (with few
exceptions) higher than the first. The only con-
spicuous exceptions in figure 2 are pairs 1-2 and 9-10.
The only exception in figure 4 is pair 1-2. The im-
portant exceptions generally are found within an initial
range of relatively small prior plastic extension. This
range is the region of the previously described initial
descent of the curve, followed by a rise and another
descent, all within a relatively small range of prior
plastic extension. In this range, the oscillations
caused by the extension spacing and the varying dura-
tion of the rest interval evidently are superposed on a
basic curve consisting of an initial descent followed by
a rise and a subsequent irregular course. The course
of this basic curve may mask the tendency of the second
point of a consecutive pair to be higher than the first.
An example of this effect is pair 9-10 of figure 2.

The first experimental point of each pair (figs. 2 and
4) was obtained after a relatively long stage of plastic
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extension and after a relatively long rest interval.
Because of the combined influence of this variation of
the rest interval and this extension spacing, the second
experimental point of each pair tends to be higher than
the first. With 18 : 8 chromium-nickel steel, as shown
in the previous report, each of these factors (separately)
tends to cause the second point of a pair (in a diagram
such as those in figs. 2 and 4) to be higher than the first.
The evidence in figures 2 and 4 thus indicates that the
combined influence of both these factors is qualitatively
the same for monel metal as for 18 : 8 chromium-nickel
steel but does not determine whether the separate in-
fluence of each factor is qualitatively the same for
both alloys.

The influence of the extension spacing alone on proof
stresses of 18 : 8 chromium-nickel steel was established
(in reference 1) by curves of the type shown in figures
2 and 4 but with all the rest intervals relatively long,
that is, a day or more. In such curves, the second
experimental point of a pair, with few exceptions, is
higher than the first. The exceptions are pairs of
points in regions of prominent rise or descent of the
basic curve. In such regions, the influence of the ex-
tension spacing may be partly masked by the course
of the basic curve.

The separate influence of duration of the rest interval
on proof stresses of 18 :8 chromium-nickel steel was
revealed in the previous report by diagrams of the type
shown in figures 2 and 4 but with all the extension
intervals short. Some entire diagrams were derived
from a consecutive series of stress-set curves with
practically no intervening extension intervals. The
rest intervals, however, varied over a wide range. In
the resultant diagrams, therefore, the influence of
duration of the rest interval was clearly revealed.
The shorter the rest interval, the higher generally are
the resultant experimental points in diagrams such as
those in figures 2 and 4.

A separate evaluation of the influences of extension
spacing and rest interval has not been attempted for
the metals discussed in this report. The combined
influence of the two factors, however, is clearly shown.
For monel metal, the combined influence evidently is
qualitatively the same as for 18 : 8 chromium-nickel
steel. That the separate influence of each of these
variables also is qualitatively the same is indicated by
scattered evidence, to be mentioned later..

The initial descent of the curves in figures 2 and 4 is
very different from the course of the corresponding
curves for 18 : 8 chromium-nickel steel shown in the
previous report. In those curves, practically without
exception, the initial direction is upward. A second
stress-set curve following the initial stress-set curve
without intervening plastic extension, was found to be
steeper than the initial curve. Proof stresses derived
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from the second curve, consequently, were higher (fre-
quently much higher) than those derived from the
initial curve. These results were obtained with five
compositions of 18 : 8 chromium-nickel steel, with
specimens annealed, half-hard, and hard. The very
different results obtained with annealed monel metal,
however, are not due to inherent difference (in this
respect) between monel metal and 18 : 8 chromium-
nickel steel. Reasons for the initial descent of the
curves in figures 2 and 4 are given later.

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE STRESS-
SET CURVE AND ON THE DERIVED PROOF STRESSES FOR WORK-
HARDENED MONEL METAL

Attention will now be given to the same alloy in the
work-hardened condition. The alloy to be considered
first is monel metal G, which has been cold-drawn and
not afterward annealed, even for relief of internal stress.
In this condition, as shown in table II, the tensile
strength is about one-third greater than that of the
annealed alloy.

In the diagram at the left of figure 9 are correlated
stress-deviation and stress-set curves for this work-
bardened alloy. In the diagram at the left of figure 10
are the derived curves of variation of proof stress with
prior plastic extension. The stress-set curves, in the
lower section at the left of figure 9, are numbered con-
secutively; the derived points representing proof stresses
are correspondingly numbered in figure 10. Abscissas
of these points thus represent the prior plastic exten-
sions for the corresponding stress-set curves in figure 9.
In each curve of figure 10, as in figures 2 and 4, the ex-
perimental points are distributed in pairs separated by
relatively long intervals of plastic extension.

In the study of the stress-set curves for monel metal
G (fig. 9), attention should first be given to the initial
pair of curves, designated 1 and 2. These curves were
obtained with practicaelly no intervening extension.
The slight extension made in determining curve 1 has
caused curve 2 to be much steeper than curve 1 through-
out the entire range used in deriving proof stresses.
This slight initial plastic extension, therefore, has in-
creased both the elastic strength and the yield strength.
In the derived diagram (fig. 10), consequently, the
second experimental point is considerably higher than
the first point in each curve except the lowest. In the
curve for 0.001-percent proof stress, the second experi-
mental point is no higher than the first. Because of the
relatively large error inberent in the estimation of the
0.001-percent proof stress, howevér, not much weight
should be given to this exception. The evidence ap-
pears to indicate that all five proof stresses derived
from stress-set curve 2 are higher than those derived
from stress-set curve 1. In this respect, the work-
bhardened monel metal G behaves very differently from
the same metal in the fully annealed condition (figs. 1
to 4).
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The combined influence of the extension spacing and
the duration of the rest interval causes the second point
of each pair to be higher than the first. This difference
in height, in figure 10, as in figures 2 and 4, tends to
increase with work-hardening. Asshown in the previous
report, work-hardening has a similar effect on the range
of oscillation in the proof stress-extension curves for
18 : 8 chromium-nickel steel.

The general trend in the curves for 0.001- and 0.003-
percent proof stresses, somewhat obscured by super-
posed oscillations due to the extension spacing and the
variations of the rest interval, is upward between points
1 and 4. Each of these curves then descends abruptly
to a minimum at point 5. Point 5 is lower than point
3 in spite of the much longer rest interval prior to deter-
mination of point 3 and is even below point 1. From
point 5 these two curves rise throughout the rest of
their length to the beginning of local contraction. This
description of the basic curve applies only to the curves
of variation of the 0.001- and the 0.003-percent proof
stresses. The curves representing 0.01-, 0.03-, and
0.1-percent proof stresses would probably rise continu-
ously if they were free from the superposed oscillations
due to the extension spacing and the variations of the
rest interval.

The basic curve for work-hardened monel metal G
(for 0.001- and 0.003-percent proof stresses) evidently
differs greatly from the basic curve for fully annealed
monel metal (figs. 2 and 4). The basic curve for an-
nealed monel metal first descends abruptly to & mini-
mum and then rises rapidly and traverses & maximum,
all within a small range of prior plastic extension. The
basic curve for work-hardened monel metal G first rises
to a maximum, then descends rapidly to a minimum,
and again rises. Reasons for this difference are given
Iater.

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE STRESS.
SET CURVE AND ON THE DERIVED PROOF STRESSES FOR MONEL
METAL ANNEALED FOR RELIEF OF INTERNAL STRESS

The great difference between work-hardened metal G
and fully annealed metals G-12 and G-14, as regards
the form of the basic proof stress-extension curve, sug-
gested the desirability of determining the effect of an-
nealing for relief of internal stress. Ior this purpose,
specimens of the cold-drawn alloy G were annealed at
800° F, as described in table III. Correlated stress-
deviation and stress-set curves obtained with this alloy
(G-8) are shown in the diagram at the right of figure 9.
Proof stresses derived from the stress-set curves are
shown in figure 10. In each of these figures, comparison
may readily be made between the curves obtained with
alloys G and G-8, and information may thus be obtained
about the influence of relief of internal stress. Atten-
tion will first be given to the diagrams for alloy G-8.

The initial stress-set curve for monel metal G-8 is
steeper than curve 2, throughout the range shown in
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figure 9. In the derived diagram (fig. 10), point 1 is
lower than point 2 in the curve for 0.1-percent proof
stress, is at the same height in the curve for 0.03-percent
proof stress, but is higher than point 2 in the curves
for 0.001-, 0.003-, and 0.01-percent proof stresses. The
initial trend of the curve for 0.001- and 0.003-percent
proof stresses is downward to point 3. In the absence
of superposed oscillations, which are due to the exten-
sion spacing and to the variations of the rest interval,
the lower three curves possibly would reach & minimum
at a prior extension of a little less than 1 per cent and
would then rise to a maximum, as do the curves for
fully annealed monel metal (figs. 2 and 4). Such a
course appears to be suggested by the curve for 0.01-
percent proof stress. It is also possible, however, that
the relatively high position of point 6 in each of these
curves is due entirely to the combined influence of the
extension spacing and the variations of the rest interval.

In reference 1 evidence was presented that an ex-
ceptionally high point due to these two factors tends to
be followed by an exceptionally low point, and vice
versa. By adjusting the extension spacing and the
rest intervals, the oscillations may be greatly accen-
tuated. Such accentuation possibly exists in the dia-
gram for metal G-8 (fig. 10). The long rest interval
prior to point 3 has caused a depression at this point in
each of the lower two curves. From point 3, there is a
rebound due to the relatively short rest interval prior
to point 4. This rebound tends to accentuate the fol-
lowing depression (at only slight additional extension)
at point 5; this exceptionally low point tends to accen-
tuate the following rebound and thus tends to cause
point 6 to be exceptionally high. Such accentuated
oscillations, due largely to variations in the rest interval,
probably arise when the experimental points are sepa-
rated by small intervals of prior plastic extension, as are
points 1 to 6 in the diagram for monel metal G-8.

If the relatively high position of point 6 is due en-
tirely to such accentuated oscillation, the basic curves
(for 0.001- and 0.003-percent proof stresses) may de-
scend at a decreasing rate throughout the entire extent
to the beginning of local contraction. In order to
determine whether the basic curve has this form or has
an abrupt rise to a maximum following the initial
descent, it would be necessary to determine a series of
points with long prior rest intervals The initial
descent of the lower three basic curves, however, is
well established.

The initial trend of the lower three curves for metal
(-8 is opposite to the initial trend of the corresponding
curves for metal G. Annealing monel metal for relief
of internal stress, like annealing for complete softening,
evidently causes the initial trend of the lower proof
stress-extension curves to be opposite to the initial
trend of the curves for unannealed, work-hardened
monel metal.
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Comparison of initial proof stresses in the diagrams
for metals G and G-8 (fig. 10) shows that annealing for
relief of internal stress has increased the initial 0.001-,
0.003-, and 0.01-percent proof stresses but has de-
creased the 0.03- and the 0.1-percent proof stresses.
Annealing -for relief of internal stress although it has
slightly decreased the yield stress and (tensile strength),
therefore, has considerably increased the elastic strength
THE FACTORS INVOLVED IN THE FORM OF THE PROOF STRESS-

EXTENSION CURVE

The form of the curve of variation of proof stress with
prior plastic extension depends largely on two factors,
work-hardening and relief of internal stress.? Work-
hardening is the principal eause of the continuous ascent
of the curves for 0.03- and 0.1-percent proof stresses.
The wave-like form of the basic curves (especially the
curves for 0.001-, 0.003-, and 0.01-proof stresses), the
superposed oscillations, and the tendency to recoil and
rebound from high and low points may be attributed
largely to variations of internal stress. Tensile internal
stress tends to lower the proof stresses, especially the
proof stresses corresponding to very small amounts of
permanent set. Relief of internal stress, either by
annealing or by mechanical treatment, tends to elevate
the proof stresses. Alternate increase and partial
relief of internal stress, during the stages of plastic
extension, therefore, would cause oscillations in the
proof stress-extension curves. The oscillations in
curves such as those in figures 2, 4, and 10, consequently,
may be due to the opposite oscillations in the magnitude
of the internal stress. At a minimum in such s curve,
the internal stress probably reaches a temporary maxi-

‘mum, at which the stress is partly relieved by local flow

in regions of highest tensile stress. This relief of internal

stress proceeds until & minimum is reached (at a maxi-

mum in the proof stress-extension curve) at which the
stress again begins to build up.

Such variations of internal stress would be influenced
by the spacing of interspersed cycles such as those used
in determining stress-set curves. They would also be
influenced by variation of the rest interval and con-
sequent variation in the amount of negative creep. The
temporary upper limit of stress, at which relief by local
flow begins, evidently would increase with the increase
in hardness due to plastic extension. Thus, it is
possible to account for the general increase of the range
of oscillation of the proof-stress-extension curves with
increase in the hardness of the metal.

REASONS FOR THE DIFFERENCE IN INITIAL TREND OF THE PROOF-
STRESS-EXTENSION CURVES FOR WORK-HARDENED AND AN
NEALED MONEL METAL

The conclusions as to the influence of internal stress
on the form of the proof-stress-extension curve are

? The ferm *““internal stress’” in this report, as in the previous report, is used in the

ordinary technical sense and has no reference to interatomic forces as affected by
space-lattice irregularities.
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supported by evidence based on the relationship
between the diagrams for monel metal G and G-8
(6g. 10). Comparison of these diagrams shows that
annealing for relief of internal stress increases the initial
proof stresses that may be considered indices of elastic
strength and changes the initial trend of the corre-
sponding proof-stress-extension curves from a rise to a
descent. This relationship suggests that the initial
steep descent of the lower curves for monel metal G-8
is due to restoration of internal stress. With. slight
plastic extension, the internal stress evidently in-
creases to a temporary maximum and thus causes
descent of the curves to a minimum. Similar reasoning
suggests that increase of internal stress causes the
initial descent of the curves for fully annealed monel
metal (figs. 2 and 4). Slight plastic extension of fully
annealed metal evidently causes increase of internal
stress from zero.

Another factor affecting the initial trend of the proof-
stress-extension curve is work hardening. Work harden-
ing tends to increase the proof stresses. When the first
slight plastic extension causes increase of internal
stress, the initial trend of the proof-stress-extension
curve depends on the relative magnitude of the elevat-
ing effect of the work hardening and the depressing
effect of the increase of internal stress. When the rate
of work hardening is high, the elevating effect may pre-
dominate and cause the curve to rise. (An example of
this effect is given in section VIL) In the initial
descent of the curves for annealed monel metal G-14,
G-12, and G-8, however, the predominant factor is
evidently the increase of internal stress.

The initial rise of the (ower) curves for the unan-
nealed, work-hardened metal G (fig. 10), however,
cannot be attributed to predominance of the influence
of work hardening. The rate of work hardening of this
previously cold-worked metal would be much less than
that of the fully annealed metal. The initial rise of the
curves for work-hardened monel metal G, therefore,
must be due to a decrease of internal stress caused by
the plastic extension. The internal stress in the
severely cold-drawn metal probably was so high that
slight tensile extension caused relief of internal stress
and thus caused the initial rise of the proof-stress-
extension curves.

The effect of slight tensile extension evidently depends
on the magnitude of the initial internal stress. When
the internal stress is zero or at a minimum, slight
tensile extension causes the internal stress to increase.
When the initial internal stress is bigh, slight plastic
extension decreases the internal stress. These changes
in internal stress cause opposite changes in the proof
stresses based on small values of permanent set.
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COMPARISON OF STRESS-DEVIATION AND STRESS-SET CURVES
FOR MONEL METAL

An incomplete view of the elastic properties of a
metal is obtained by considering only the relation
between stress and the deformation that remains after
the stress has been released. Consideration should
be given also to the influence of stress on the accom-
panying total strain and on the elastic strain. These
relations are revealed by the stress-deviation curves
for monel metal and by derived curves and indices.

Stress-deviation curves for monel metal are shown in
the upper rows of figures 1, 3, and 9. The value L,
given in each of these figures, is the assumed modulus
used in obtaining the deviations, as described in section
JI. Each broken curve represents the influence of
stress on total deviation. REach solid-line curve (in
the upper rows of figs. 1, 3, and 9) has been obtained
from the corresponding broken-line curve by deducting
values of permanent set obtained from the stress-set
curve directly below.

In the study of the influence of the extension spacing
and the duration of the rest interval on the stress-
deviation curve, it is of interest to observe whether
such variations have similar or opposite effects on the
slopes of the stress-deviation and stress-set curves. As
discussed earlier in this section, the first stress-set
curve of a pair, because of the influence of the extension
spacing and of the variations of the rest interval, tends
to be less steep than the second curve. Illustrations
of this tendency are: Pair 19-20 of figure 1; pairs
11-12, 13-14, and 15-16 of figure 3; pairs 34, 5-6,
and 7-8 in the diagrams at the left of figure 9; and
pairs 5-6, and 7-8 in the diagram at the right of figure
9. The corrected stress-deviation curves of the same
pairs, however, generally show the opposite relation-
ship. This fact is illustrated by pair 19-20 of figure 1,
pairs 13—14 and 15-16 of figure 3, and pairs 3—4 and 5-6
in the diagram at the left of figure 9. In pair 11-12
of figure 3 and in pair 7-8 of figure 9, the first and the
second curve are about equally steep. The first curve
of pair 5-6 at the right of figure 9 is less steep than the
second. Although there is a general tendency for the
first corrected stress-deviation curve of a pair to be
steeper than the second, there are exceptions, just as
there are exceptions to the general tendency for the
first stress-set curve of a pair to be less steep than the
second. Numerous examples of this opposite relation-
ship between the slopes of the stress-deviation and
stress-set curves of a pair will be found in diagrams
yet to be considered.

THE VARIATION OF THE MODULUS OF ELASTICITY WITH STRESS
FOR MONEL METAL,

The corrected stress-deviation curves of figures 1,

3, and 9, with few exceptions, show prominent curva-
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ture from the origin. The exceptions are curves 1 to 4
in figure 1, curve 1 of figure 3, and curve 1 in the dia-
gram at the right of figure 9. No exceptions are found
among the curves for cold-drawn, unannealed monel
metal G. With the exceptions mentioned, the slope of
each curve decreases continuously from the origin.
This result evidently means that the modulus of elastic-
ity decreases continuously with increase in stress.

The secant modulus ® given by the ratio of stress to
elastic strain has been used in this report and in the
previous report to study the variation of the modulus
with stress and with prior plastic extension.

Graphs of variation of the secant modulus of elastic-
ity with stress have been derived from all the corrected
stress-deviation curves in figures 1, 3, and 9 and are
shown in figures 5, 7, and 11. The graphs are num-
bered consecutively in each figure to correspond to the
stress-deviation curves from which they are derived.
Kach stress-modulus line has been shifted to the right
from the preceding line and has been given a separate
abscissa scale. Abscissas, increasing from left to right,
represent values of the secant modulus of elasticity.
The scale of abscissas is indicated in each figure.
Ordinates represent true stress, that is, stress based on
the cross section at the beginning of determination of
the curve. ’

In the derivation of a stress-modulus line from a
stress-deviation curve, values of the secant modulus
were estimated for various points on the continuous
stress-deviation curve. These points in figires 5, 7,
and 11, therefore, represent not results of single experi-
ments but selected points on the corresponding stress-
deviation curves.

The prior plastic extension corresponding to each
stress-modulus line is indicated in the derived diagrams
(figs. 6, 8, and 12). In these diagrams, abscissas repre-
sent prior plastic extensions and ordinates represent
indices derived from the stress-modulus lines. The
experimental points in figures 6, 8, and 12 are numbered
to correspond to the stress-modulus lines from which
they are derived (figs. 5, 7, and 11).

In the diagram for fully annealed monel metal G-14
(fig. 5), stress-modulus lines 1 to 11 are curved from
the origin. In the diagram for monel metal G-12
(fig. 7), stress-modulus lines 1 to 10 are curved from the
origin. All the other stress-modulus lines in these two
figures are straight. The plastic extension at which
the stress-modulus line becomes straight is about 10
percent. In the diagrams for work-hardened monel
metal G and G-8 (fig. 11), the stress-modulus lines are
straight except at bigh stresses. The stress-modulus
line for monel metal evidently tends to be practically
straight when the prior plastic extension of the metal

3 It should be noted that this modulus differs from a frequently used *‘secant
modulus' based on the variation to total strain with stress.
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(whether by tensile extension or by cold drawing) is
more than about 10 percent.

In this respect, monel metal is similar to the 18:8
chromium-nickel steels discussed ‘n the previous report.
The stress-modulus line for annealed 18:8 alloy was
found to be straight when the prior plastic extension
was more than about 12 percent. Unannealed cold-
drawn 18:8 alloys (half-hard and hard) generally gave
straight stress-modulus lines.

THE INDICES OF VARIATION OF THE MODULUS OF ELASTICITY WITH
STRESS FOR MONEL METAL

The Young’s modulus, or the modulus at zero stress

(B), was determined by extrapolating the stress-

modulus line to zero stress. When the stress-modulus

'line is straight, the variation of the secant modulus (F)

with stress (S) may be represented, as in reference 1 by
E=E—kS (¢H)]

The constant k is the slope of the stress-modulus line.
As stated in reference 1, however, it is sometimes more
convenient to write equation (1) in the form

E=Ey(1—GsS), @
where Cy=Fk/E, represents the stress coefficient  of the
secant modulus.

When the stress-modulus line is curved from the
origin, as are some lines in figures 5 and 7, the stress
coefficient of the modulus is not constant but varies
with the stress. The variation of the modulus with
stress then cannot be represented by C, alone. The
curved stress-modulus lines may be represented approxi-
mately by adding another term to equation (2) and
thus obtaining

E=Ey[1—CS(1+QN=Ey(1—CoS—C'SH)  (3)

where (’=QC, is an index of the curvature of the
stress-modulus line.

The second constant (C’) is needed for use with
monel metal that has been fully annealed and afterward
pot extended more than about 15 or 20 percent. For
sufficiently work-hardened monel metal, the stress
coefficient of the modulus of elasticity is practically
constant and is represented by Cp.

Values of C, are indicated (figs. 5, 7, and 11) by a
pumber adjacent to each stress-modulus line. Values
of ¢’ are also indicated for lines 9 and 10 of figure 5
and for lines 1, 8, 9, and 10 of figure 7. (These values
indicate the fractional change of the modulus per
pound per squareinch.) The value of E, for each stress-
modulus line is indicated by the intersection of the line
with the horizontal axis.

4 The index Cp is expressed as fractional change of the modulus per pound per
square inch. In reference 1 this index is designated Ci.



320

THE INFLUENGCE OF PRIOR PLASTIC EXTENSION FOR MONEL METAL
ON THE MODULUS OF ELASTICITY AND ON ITS STRESS COEFFI-
CIENTS

The values of B, and C, given in figures 5, 7, and 11
have been used in deriving diagrams of a different
type in figures 6, 8, and 12. These derived diagrams
represent the variation of the modulus of elasticity
and its linear stress coefficient with prior plastic exten-
sion. Abscissas represent percentages of prior plastic
extension. Ordinates of two of the curves represent

vvalues of the modulus of elasticity; the ordinate scale
for these curves is at the left of each figure. Ordinates
of the other curve represent values of the stress coeffi-
cient of the modulus; the ordinate scale for this curve is
at the right of each figure.

The experimentally determined points in figures 6,
8, and 12 have been numbered to correspond to the
consecutively numbered stress-modulus lines in figures
5,7, and 11. Before the general trend of the curves in
figures 6, 8, and 12 is considered, attention will be
given to the abrupt oscillations (at pairs of experimen-
tal points) due to the influence of the extension spacing
and of the variation of the rest interval. KExcept for
monel metal G-8 (fig. 12), the oscillations in the curve
for O, are quaslitatively similar to the corresponding
oscillations in the curve for E;,. Each abrupt rise or
drop in a curve for K, is accompanied by a similar
change in direction in the curve for Ci.

The abrupt oscillations in the curves for E, and Gy
(figs. 6, 8, and 12), however, are accompanied by oppo-
site oscillations in the corresponding proof stress-
extension curves (figs. 2, 4, and 10). This relationship
is in accordance with the fact that the modulus-exten-
sion curves are based on stress-deviation curves, where-
as the proof-stress-extension curves are based on
stress-set curves. It has been shown that a difference
in steepness of the stress-deviation curves of a pair
(due to the influence of the extension spacing and of
the variations of the rest interval) is accompanied by
the opposite difference in steepness of the corresponding
stress-set curves. KExamples of opposite variation of
the modulus-extension curves and the proof-stress-
extension curves may be found by comparing the pairs
of experimental points listed below, with the corre-
sponding pairs in figures 2, 4, and 10; pair 19-20 of
figure 6; pairs 9-10, 13-14, and 15-16 of figure 8; pair
5-6 in the diagram for monel metal G in figure 12; and
pairs 5-6 and 7-8 in the diagram for monel G-8 in
figure 12. Numerous examples of similar relationship
may be found by comparing diagrams of the same two
types obtained with metals yet to be discussed. A
similar relationship was also found for the 18: 8 chro-
mium-nickel steels discussed in the previous report.

The magnitude of such oscillations, as shown in the
previous report, is affected by the duration of the rest
interval. Increase in the rest interval tends to de-
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crease the slope of the stress-set curve and to increase
the initial slope (Ey) and the curvature ((p) of the
corrected stress-strain curve. In this respect, the
effect of increase of the rest interval is opposite to the
effect of decrease of internal stress. Such an effect of
the rest interval, therefore, evidently cannot be attrib-
uted to negative creep, which generally occurs during
rest after plastic extension. The effect of the rest
interval apparently is some kind of softening effect.
This softening effect, at least for a while, is greater than
any beneficial effect of relief of internal stress by nega-
tive creep.

The variation of E, with prior plastic extension
(figs. 6, 8, and 12) is represented by lines connecting
the experimental points. These graphs give no dis-
tinct impression of a general upward or downward
trend; with plastic extension of annealed monel metal
to the beginning of local contraction (figs. 6 and 8),
the modulus of elasticity remains nearly constant.
The basic curves for annealed monel metal, however,
probably follow the courses indicated approximately
by the dotted lines. The basic curve for monel metal
G—14 rises gradually to a maximum, at plastic extension
of 10-15 percent, and then descends at a decreasing
rate. The basic curve for monel metal G-12 rises
rapidly to & maximum, at a plastic extension of 2-5
percent, then descends at a decreasing rate, and finally
reascends. The modulus-extension curves for annealed
monel metal are very different from the curves for the
18: 8 chromium-nickel steels discussed in the previous
report and also very different from the curves for
other metals discussed in sections IV to VIIL. As
shown in section X, the course of these basic E, curves
is due to the combined influence of three factors.

The E, curves for work-hardened monel metal (fig.
12) show no distinct evidence of upward or downward
trend. Tensile extension of these specimens, which
had already been severely cold-worked, would be ex-
pected to cause very little change in the modulus of
elasticity.

The C, curves for annealed monel metal G-14 and
G-12 (figs. 6 and 8) are similar in general trend. The
trend is better indicated in figure 8 than in figure 6
because of the more numerous experimental points
obtained with metal G—12. Each curve starts at a
very low value of O, and rises, with irregular oscilla-
tions, until it reaches a maximum at prior plastic
extension of about 10 percent. In the curve for metal
G-12, the most rapid rise is within the first 3 percent of
prior plastic extension. In the curve for metal G-14,
if enough experimental points had been determined,
the most rapid rise probably would begin at a prior
plastic extension of a little more than 3 percent, as
indicated by the curved broken line in figure 6.

The highest point in each curve for G, (in figs. 6 and
8) is the point at which the corresponding stress-
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modulus line (figs. 5 and 7) changes from a curve to a
straight line. The strongly curved stress-modulus
lines 10 (figs. 5 and 7) give low points 10 in the modulus-
extension curves of figures 6 and 8. The straight
stress-modulus lines 12 in figures 5 and 7 give high
points in the modulus-extension curves of figures 6 and
8, respectively.

Beyond the highest point in the G, curves (figs. 6
and 8), each curve descends at a gradually decreasing
rate and is still descending slightly at the beginning of
local contraction. With further extension, by draw-
ing or by rolling, the curve would be expected to be-
come practically horizontal. This expectation is con-
firmed by the horizontal.course of the C, curve for
severely cold-worked monel metal G (fig. 12). As
would be expected, C, is lower for monel metal G than
for annealed monel metal that has been extended to
the beginning of local contraction (figs. 6 and 8).
The evidence therefore indicates that plastic extension
beyond the maximum in the (, curves tends to cause
continuous descent at a decreasing rate. Reasons for
the rise and descent of the (, curve are given in sec-
tion X.

Annealing work-hardened monel metal at 800° F. for
relief of internal stress causes the C, curve to take a
different course from that of the curve for unannealed
metal G. The 0, curve for monel metal G-8 (fig. 12)
starts at a very low value of (, and rises continuously
throughout the extent here shown (to the beginning
of local contraction). The influence of internal stress
and of other factors on the course of the C, curve is
discussed in section X.

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE CURVATURE
OF THE STRESS-MODULUS LINE FOR MONEL METAL

The rise and the descent of the (, curves for annealed
monel metal (figs. 6 and 8) with plastic extension means
that the slope of the stress-modulus line first decreases
and then increases. Within the range of plastic ex-
tension that causes the slope of the stress-modulus line
to decrease, the line is curved. Consideration must
now be given to the variation of this curvature with
prior plastic extension. An index of the curvature of
the stress-modulus line is ¢, the coefficient of the last
term in equation (5). The variations of the curvature
of the stress-modulus line for annealed monel metal
are shown by the values of 0’ obtained from the stress-
modulus lines for monel metal G-14 and G-12 (figs.
5 and 7) plotted as ordinates in figure 46, with abscissas
representing prior plastic extensions.

The quadratic stress coefficient (0”) of the modulus
was obtained directly from the stress-modulus curves
in the following manner: Straight lines were drawn
tangent to the curves at the zero values of stress. For
some conveniently selected value of stress, which was
the same for each curve of the series obtained with a
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single specimen, the deviation of this line from the
curve was measured. This deviation, divided by the
product of E, and the stress squared, gave the value
of (V.

The (" curves in figure 46 start at low values of ¢’
and rise rapidly to & maximum, which is reached at a
plastic extension of about 1 percent. The value of
¢’ at the maximum is many times the initial value.
With further plastic extension, the curves have a gen-
eral downward trend and disappear at plastic extension
of about 10 percent. At this extension, the stress-
modulus line becomes straight and C, reaches a maxi-
mum (figs. 6 and 8). The ¢’ curves for annealed
monel metal (fig. 46) show that plastic extension first
increases and then decreases the curvature of the stress-
modulus line. The reasons for this variation of C,
and ¢’ are given in section X.

THE FORM OF THE STRESS-DEVIATION CURVE FOR MONEL METAL

These variations of (5 and ¢’ with plastic extension
are evidently due to variations in form of the stress-
strain and the stress-deviation curves. The general
equation for the stress-strain curve is derived from
equation (3)

=8/ E=8/Ey(1—C,S—C'S?) @

where ¢ is the total elastic strain. As the linear and
quadratic correction terms are generally small compared
with 1, equation (4) may be written

e=(1/Eo) (S+ CS*+ 0S¥ (3)

The strain corresponding to the tangent to the stress-
strain line at the origin is S/E,. The deviation (¢;) from
this tangent is

€d=€—‘S/E0= (I/Eo) (0082+ 0'83) (6)

When the stress-modulus line is straight, ¢’ is zero and
the last term of equation (6) disappears. The stress-
deviation relationship corresponding to a straight
stress-modulus line, therefore, is represented by

(=0 E, )

which is the equation for a quadratic parabola. When
C, is zero, OS2 of equation (6) disappears. The stress-
deviation line corresponding to this relationship is
represented by

Ed=0,SS/Eo

which is the equation for a cubic parabola.

The stress-deviation curve for monel metal that has
been plastically extended more than about 10 percent,
therefore, is & quadratic parabola. The initial stress-
modulus line obtained with monel metal G-12 (fig. 7)
and stress-modulus lines 2 and 3 obtained with monel
metal G-14 (fig. 5) are vertical at the origin, indicating
that ( is zero. The corresponding stress-deviation
curves are cubic parabolas. As (, for line 1 obtained

®)
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with monel metal G-14 is very small, the correspond-
ing stress-deviation curve evidently approximates a
cubic parabola. The other curved stress-modulus lines
in figures 5 and 7 evidently are derived from stress-
deviation curves that are cubics intermediate between
a quadratic and a cubie parabola.

THE SECANT MODULUS AT ANY STRESS

The secant modulus at any stress may be calculated
from corresponding values of Ey and C, provided that
the stress-modulus line is straight. When the stress-
modulus line is curved, the modulus at a given sfress
may be calculated from E, by means of equation (5)
if the values of both C, and O’ are known. The inter-
mediate curves in figures 6, 8, and 12 represent the
variations of the secant moduli corresponding to some
arbitrarily selected stresses. In figures 6 and 8, curves
Es show the variation of ‘the secant modulus corre-
sponding to a tensile stress of 50,000 pounds per square
inch. In figure 12, curve Eip shows the variation of
the modulus corresponding to a tensile stress of 100,000
pounds per square inch. These curves have not been
extended to the left of the point of change of the stress-
modulus line from a curve to a straight line. This

point of change is indicated by the change from a-

broken to a solid line in the curves of variation of
E, and C,. Modulus values corresponding to stresses
between zero and either 50,000 or 100,000 pounds per
square inch can be estimated from these diagrams by
interpolation.

THE EFFECT OF ANNEALING ON THE INITIAL PAIR OF STRESS-SET
CURVES AND ON THE DERIVED PROOF STRESSES ON COLD-DRAWN
MONEL METAL.

The effect of annealing on the initial pair of stress-
set curves obtained with cold-drawn monel metal is
shown in the diagram at the right of figure 3. The
curves there shown are the initial pairs of curves ob-
tained with the metal as received and after annealing
at 800, 1,200, and 1,400° F. The stress-set curves are
in the lower row.

Annealing at 800° F for relief of internal stress has
increased the steepness of both the first and the second
curves, throughout the extent here shown. Annealing
atb either 1,200 or 1,400° ¥, for complete recrystalliza-
tion, has greatly depressed both stress-set curves of the
initial pair. The softening effect of the annealing at
1,400° F evidently was somewhat greater than the
softening effect of the annealing at 1,200° F.

The effects of annealing on the proof stresses ob-
tained by the first and the second loading are shown in
the two diagrams for monel metal in figure 20. One
of these diagrams, designated “first loading,’”” represents
proof stresses obtained from the initial stress-set curve
after annealing at various temperatures. The diagram
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designated ‘“second loading” represents results ob-
tained from the second stress-set curve of each initial
pair. Abscissas in these diagrams represent tempera-
tures in degrees; ordinates represent proof stresses,
Results obtained with unannealed, cold-drawn monel
metal are plotted at an abscissa representing room
temperature (70° F). The broken lines connecting
corresponding points at abscissas 70° F and 800° F do
not represent the actual variation of proof stresses with
temperature. The actual variation is not linear.

As illustrated by the diagram designated ‘“first load-
ing,” annealing for relief of internal stress (at 800° I)
has caused great improvement in the 0.001-, the 0.003-,
and the 0.01-percent proof stresses. This annealing,
however, has slightly decreased the 0.03-percent proof
stress and has considerably decreased the 0.1-percent
proof stress. As illustrated by the diagram designated
““second loading,” annealing at 800° F has lowered all
the proof stresses relative to the proof stresses obtained
(by second loading) with the metal as received. The
0.003-percent proof stress and the 0.01-percent proof
stress obtained by second loading with the metal
annealed at 800° F, however, are greater than the
corresponding proof stresses obtained by first loading
with the metal as received.

Annealing for the relief of internal stress, therefore,
causes much improvement in the initial proof stresses
that may be considered indices of elastic strength but
causes some decrease in the initial proof stresses that
may be considered indices of yield strength. On
second loading, however, much of the improvement
due to relief of internal stress by annealing evidently
is lost. This relationship is in agccordance with the
previously discussed initial descent of the lower proof-
stress-extension curves for monel metal G-8.

THE EFFECT OF ANNEALING ON THE MODULUS OF ELASTICITY AND
ON ITS STRESS COEFFIENT FOR COLD-DRAWN MONEL METAL

In the consideration of the effect of annealing on the
modulus of elasticity and on its stress coefficient, atten-
tion will be confined to results derived from initial
stress-modulus curves. Results so obtained are shown
in the diagram at the left of figure 21.

The modulus at zero stress (Ey) evidently is little
affected by annealing. No change has resulted from
annealing (at 800° F) for relief of internal stress; a
slight decrease has resulted from annealing for re-
crystallization, at 1,200 and 1,400° F. The linear
stress coefficient (C;) of the modulus, however, has
been greatly decreased by annealing for relief of internal
stress. Not much further change has been caused by
annealing for recrystallization. The probable varia-
tion of the quadratic stress coefficient C* with annealing
temperature is represented approximately by the broken
curve,
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IV. THE TENSILE ELASTIC PROPERTIES OF INCONEL
AS AFFECTED BY PLASTIC DEFORMATION AND BY
ANNEALING

DESCRIPTION OF THE INCONEL

The composition of the Inconel is given in table°I.
As the precentage of iron is small, the alloy may be
classed as nonferrous. This alloy, which is of the
Nichrome type, has good resistance to plastic deforma-
tion and to oxidation at elevated temperatures. Asitis
practically a single-phase alloy, its elastic strength
depends chiefly on plastic deformation and only
slightly on heat treatment.

The alloy was supplied in the form of cold-drawn
round rods, which had not been subsequently annealed.
For investigation of the elastic properties, one specimen
was tested as received, one specimen was annealed at
at 850° T for relief of internal stress, and one speci-
men was annealed at 1,750° F for complete recrystalli-
zation. Details of the annealing treatment are given
in table III. These specimens were tested by the same
methods that were used for monel metal. In discus-
sing the results obtained with Inconel, attention will
be directed first to the metal in a relatively soft condi-
tion, after annealing at 1,750° F.

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE STRESS-
SET CURVE AND ON THE DERIVED PROOF STRESSES FOR FULLY
ANNEALED INCONEL

Correlated stress-deviation and stress-set curves ob-
tained with fully annealed Inconel are shown in the
diagram at the right of figure 13. All the curves in this
diagram were obtained with a single specimen of In-
conel, which had been annealed at 1,750° F. The
curves were obtained consecutively, with intervening
stages of prior plastic extension. Proof stresses derived
from these curves are plotted in figure 14.

Stress-set curves 1 and 2 (fig. 13) have about the same
curvature. A very different relationship, however,
exists between the curves of every other pair. The first
curve of each of these pairs is less steep than the second.
This difference in slope tends to increase with an in-
crease in the prior plastic extension. The difference in
slope between the stress-set curves of a pair causes an
abrupt rise in the proof stress-extension curves. The
influence of the extension spacing and of the variations
of the rest interval evidently is qualitatively the same
for Inconel as for monel metal.

The oscillations, which are due to the influence of the
extension spacing and the variations of the rest interval,
are superposed on a basic curve of variation of proof
stress with prior plastic extension. The form of this
basic curve would be more clearly revealed if all the
experimental points had been determined with long
prior rest intervals. The superposed oscillations would
thus have been minimized. The course of the basic
curve in figure 6, however, can be qualitatively deter-
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mined by tracing it through the low points of the super-
posed oscillations. Point 1, based on the initial stress-
set curve was obtained after a very long rest interval.
The basic curve, therefore, should start from this point
and should pass through the other points that have been
determined with a long rest interval.

The basic curves for the 0.001-, 0.003-, and 0.01-
percent proof stresses evidently descend rapidly and
reach a minimum at slight plastic extension. The
curves for the 0.03- and 0.1-percent proof stresses have
slight initial downward trend. The minimum is at
about point 7 in the curves for the 0.001- and 0.003-
percent proof stresses, at about point 5 in the curve for
the 0.01-percent proof stresses, and at point 2 in the
curves for the 0.03- and 0.1-percent proof stresses. The
extension at the minimum evidently tends to decrease
with an increase in the value of the permanent set on
which the proof stress is based. In this respect, the
proof stress-extension curves for Inconel resemble the
corresponding curves for annealed monel metal (figs. 2
and 4).

With further plastic extension, the curve for the
0.001-percent proof stress has practically no general
upward or downward trend. The other curves have a
general upward trend. The superposed oscillations in
the lower three curves tend to increase in amplitude
with prior plastic extension.

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE STRESS-SET
CURVE AND ON THE DERIVED PROOF STRESSES FOR WORK-
HARDENED INCONEL

In the diagram at the left of figure 13 are stress-devia-
tion and stress-set curves obtained with cold-drawn,
unannealed Inconel L. The proof stresses derived from
these stress-set curves are plotted in a diagram in figure
10, which shows the variation of the proof stresses with
prior plastic extension. The stress-set curves in figure
18 and the derived experimental points in figure 10, are
correspondingly numbered.

These experiments with unannealed work-hardened
Inconel L were made before? the testing procedure was
as fully developed as in the experiments described in
the preceding portion of this report. The experimental
points were not distributed in pairs. Moreover, no
long rest intervals were provided (except the interval
prior to determination of the initial stress-set curve).
Most of the experimental points were obtained with a
very short prior rest interval.

The initial stress-set curve for Inconel L: (fig. 13) is
much less steep than curve 2. This relationship is
revealed also by the relative heights of the correspond-
ing points in the proof-stress-extension curves. In
each of these curves point 2 is higher than point 1.
Because of the absence of distinet pairs of experimental

s The Inconel L tests were made 40 months before the experiments with annealed
Inconel (1-8.5 and L~17.5).
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points, the influence of the extension spacing is less
conspicuous in this diagram than in the previously con-
sidered diagrams of this type. The influence of dura-
tion of the rest interval, however, is clearly revealed.
The two stress-set curves that were obtained with a
relatively long prior rest interval (fig. 13) are much less
steep than the other curves, and the corresponding
points in each of the lower three proof-stress-extension
curves (fig. 10) are at depressions.

The depression in each of these curves, however, is
not due entirely to the influence of duration of the rest
interval. The oscillations due to variations of the rest
interval are superposed on a basic curve of variation of
proof stress with prior plastic extension. The exact
course of this basic curve could be determined only by
experiments with all the rest inlervals long. Neverthe-
less, some conclusions can be drawn as to the probable
course of this curve. Although points 2 and 3 were
both obtained with short rest intervals, point 3 in each
curve is higher than point 2; this difference in height is
very great in the curves for 0.001 percent and 0.003
percent proof stresses. This relationship appears to
indicate that the initial rise in each of the curves as
drawn is due largely to an initial rise in the basic curve.
Similar reasoning leads to the conclusion that the second
rise in the lower two curves as drawn is due largely to a
rise in the basic curve. The basic curves, therefore,
probably are qualitatively similar to the curves as
drawn. In the curves as drawn, however, the rise,

descent, and reascent are accentuated by the differences.

in duration of the rest interval. The basic curve for
cold-drawn unannealed Inconel L, therefore, probably
is similar in form to the curve for cold-drawn un-
annealed monel metal G (fig. 10).

A specimen of work-hardened Inconel was annealed
at 850° F for relief of internal stress. The specimen
was then extended by small stages, and stress-deviation
and stress-set curves were obtained as usual. They are
shown in the diagram for Inconel 1-8.5 in figure 13.
A comparison of the initial stress-set curves for metals
L and I-8.5 shows that annealing for relief of internal
stress has greatly increased the steepness of the stress-
set curve. Proof stresses derived from these curves
have been plotted in the diagram at the right of figure
10, in which abscissas represent prior plastic extensions.
The experimental points in this diagram are arranged in
pairs. The first point of each pair was obtained with a
long prior rest interval; the second point was obtained
with a relatively short rest interval. As in previously
described diagrams, the second point of each pair
generally is higher than the first. The influence of
duration of the rest interval and of the extension
spacing, therefore, is qualitatively the same for this
metal as for the metals previously described.

The basic 0.001- and 0.003-percent proof-stress
curves, for Inconel that had been annealed for relief of
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internal stress, evidently have an initial rise to 8 maxi-
mum, followed by abrupt descent. In this respect,
these curves resemble the basic curves for unannealed
monel metal G and unannealed Inconel L, rather than
the curves for monel metal (G-8), which was annealed
for relief of internal stress. This unexpected relation-
ship possibly is due to incomplete relief of internal stress
by the annealing at 850° F. Slight internal stress re-
maining after this treatment would be reduced, rather
than increased, by plastic extension, and thus would
account for the initial rise of the proof-stress-extension
curves.

THE VARIATION OF THE MODULUS OF ELASTICITY WITH STRESS
FOR INCONEL

The corrected stress-deviation curves for Inconel, in
the upper row of figure 138, are curved from the origin.
The modulus of elasticity for Inconel as for monel metal,
evidently tends to decrease with an increase of stress.
From the corrected stress-deviation curves for Inconel
have been derived curves of variation of the modulus of
elasticity with stress (fig. 15). The curves are num-
bered consecutively to correspond to the stress-devia-
tion curves from which they are derived. The plastic
extension prior to determination of each stress-modulus
line may be found by reference to the correspondingly
numbered points in the derived diagrams of figures 12
and 16, which will be described later.

In the diagram for fully annealed Inconel, in the
lower row of figure 17, stress-modulus line 1 (as drawn)
is straight and vertical. Not much importance, how-
ever, should be assigned to the straightness of this line,
because a slight change in either the uncorrected initial
stress-deviation curve or the initial stress-set curve
(fig. 13) would change the initial stress-modulus line
(fig. 15) to a slightly curved line. Curved lines were
obtained with fully annealed monel metal (figs. 5 and
7) and with other annealed single-phase metals to be
described later.

Stress-modulus lines 2 to 6, inclusive, obtained with
annealed Inconel (fig. 15), are curved from the origin.
The curvature decreases from line 2 to line 6. Lines
11 to 16, inclusive, are straight. For lines 7 to 10, in-
clusive, the course of the ideal line is less clearly indi-
cated. It may be that the curvature of these lines
should decrease gradually in passing from curve 7 to
curve 10. Not much error probably has been intro-
duced, however, by drawing these lines straight. The
evidence, therefore, indicates that prior plastic exten-
sion of a few percent causes the stress-modulus line for
annealed Inconel to become practically straight. As
would be expected, consequently, the stress modulus
lines for the more severely cold-worked Inconel I
(fig. 15) are practically straight except in the upper
part.

. The stress-modulus lines for worlc-hardened Inconel
1-8.5 (fig. 15), which had been snnesled for relief of
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internal stress, are slightly curved. The slope.of the
initial line is much less than the slope of the initial
stress-modulus line for unannealed Inconel L. (in the
same figure). The annealing, moreover, has decreased
the value of E,. This relationship will be discussed
Inter in connection with figure 21.

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE MODULUS

OF ELASTICITY AND OF ITS STRESS-COEFFICIENTS FOR INCONEL

The values of E, and G, given in figure 7, have been
used in deriving diagrams to represent the variation of
the modulus of elasticity, and of its stress-coefficients,
with prior plastic extension. The experimentally de-
termined points in these diagrams (figs. 12, 16, and 46)
have been numbered to correspond with the consecu-
tively numbered stress-modulus lines (fig. 7).

Before the general trend of the curves in figures 12
and 16 is considered, attention will be given to the
abrupt oscillations due to the influence of the extension
spacing and of the variations of the rest interval. In
the diagram for annealed Inconel (fig. 16), the abrupt
oscillations of the (; curve are qualitatively similar to
the oscillations of the E, curve. REach abrupt rise or
drop in the curve for K, at a pair of experimental points,
is accompanied by a similar abrupt change in direction
in the curve for C,. The correspondence in oscillations
is less pronounced in the E; and C, curves for unan-
nealed work-hardened Inconel L (fig. 12). This fact
probably is due to the absence of distinct pairs of ex-
perimental points, and hence, to the absence of a pro-
nounced influence of extension spacing.

A comparison should also be made between the mod-
ulus-extension curves (fig. 16) and the proof stress-
extension curves (fig. 14) obtained with annealed Inconel
1-17.5. The abrupt oscillations at pairs of experimental
points in the curves for B, and C), with few exceptions,
are accompanied by the opposite oscillations in the
proof stress-extension curves. As previously mentioned
in the discussion of monel metal, such a relationship is
to be expected. No such correspondence in oscilla-
tions, however, is found by comparison of the modulus-
extension curves with the proof-stress-extension curves
for work-hardened Inconel L (figs. 12 and 10, respec-
tively).

Consideration will now be given to the general trend
of the F, curve for annealed Inconel 1~17.5 (fig. 16).
The variation of E, with prior plastic extension is
represented by the lines connecting the experimental
points. The basic curve, as indicated by the dotted
line representing its course, rises rapidly to a maximum
and then descends at a decreasing rate. The maximum
in this curve is at the point of change of the stress-
modulus line (fig. 15) from a curve to a straight line.
The course of the modulus-extension curve depends on
the interrelationship between three factors, to be dis-
cussed in section X.

407300°—41—22
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The E, curve for unannealed work-hardened Inconel
L (fig. 12) descends rapidly from the origin. The rate
decreases rapidly, however, and the curve becomes
practically horizontal at a prior plastic extension of
about 2 percent. As the course of the curve beyond the
beginning of local contraction is always somewhat
erratic, the slight rise of the curve beyond about 2 per-
cent extension may not represent a rise of the basic
curve. The E; curve for work-hardened Inconel differs
greatly in form from the curve for work-hardened
monel metal (fig. 12). The E, curve for work-hard-
ened Inconel 1-8.5 (fig. 12), which was annealed for
relief of internal stress, starts much lower than the
curve for unannealed, work-hardened Inconel L, and
descends much more siowly. The reasons for these
forms of the E; curve are given in section X.

The G, curve for annealed Inconel I—17.5 (fig. 16)
starts at a very low value® of C, and rises rapidly to
point’ 7. Beyond point 7 the curve descends, at first
rapidly, but at a gradually decreasing rate, without
any indication of a reascent. The highest point in the
O, curve is the point at which the stress-modulus line
(fig. 15) changes from a curve to a straight line. At this
point, (" (the index of curvature of the stress-modulus
line) becomes zero. The variation of ¢ with plastic
extension is shown in figure 46. With increase in the
plastic extension from zero, ¢ increases rapidly from
a low value to & high maximum, then descends less
rapidly, and reaches zero at about the same prior plastic
extension at which C, reaches a maximum (fig. 16).
The ¢’ curve for Inconel (fig. 46), therefore, is similar
in this respect to the curves for annealed monel metal
(in the same figure).

In the diagram for unannealed work-hardened
Inconel L (fig. 12), the basic (; curve descends con-
tinuously at a decreasing rate. The reascent in the
curve as drawn in figure 12, for the reason given above,
may not indicate a reascent in the basic curve. The
basic C, curve probably is similar in form to the basic
E, curve.

In the diagram for Inconel that has been annealed
for relief of internal stress (L—8.5 of fig. 12), the C, curve
starts at a very low value, and rises slowly. The trend
of this curve, therefore, is similar to the trend of the C,
curve for monel metal G-8. As previously stated, the
annealing of Inconel at 850° F may have left con-
siderable internal stress. With plastic extension, the
internal stress would at first tend to change very little.
It is possible thus to account for the slowness of the
ascent of the G, curve for metal L-8.5.

As the stress-modulus lines for Inconel 1.-8.5 (fig. 15)
are slightly curved, the stress-coefficient of the modulus
is not constant, and only the initial rate of change of

6 The ¢’ curve for anuealed Inconel (fig. 46) probably should start at a value of ¢’

greater than zero, comparable with the values of ¢’ at the origins of the curves for
monel metal. This has been discussed previously.
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the modulus with stress is represented by C, The
average rate of change between zero stress and 100,000
pounds per square inch stress (designated (i) has
been plotted in figure 12 to show the variation of this
index with prior plastic extension. The index evidently
differs appreciably from C,.

The slight curvature of the stress-modulus lines for
Inconel 1-8.5 possibly is not unusual for a work-
hardened metal that has been annealed for relief of
internal stress. The decrease in C, caused by anneal-
ing for relief of internal stress possibly tends to be
accompanied by an appearance of a slight curvature of
the stress-modulus line. The stress-modulus lines for
annealed, work-hardened monel metal G-8 (fig. 11),
however, are practically straight.

The intermediate curves in the diagrams for Inconel
(figs. 12 and 16) represent the variations of the secant
moduli corresponding to arbitrarily selected stresses.
In figure 16, the B curve shows the variation of the
secant modulus corresponding to tensile stress of 50,000
pounds per square inch. In figure 12 the Ejyp curve
shows the variations of the secant modulus correspond-
ing to a tensile stress of 100,000 pounds per square inch.
The curve for annealed Inconel has not been extended to
the left of the point of change of the stress-modulus line
from a curve to a straight line.

THE EFFECT OF ANNEALING ON THE INITIAL PAIR OF STRESS-SET
CURVES AND ON THE DERIVED PROOF STRESSES FOR COLD-
DRAWN INCONEL

The effect of annealing on the initial pair of stress-set
curves may be observed by comparing the first two

curves of each of the three diagrams in figure 13.

Annealing at 850° F for relief of internal stress evidently

has increased the steepness of both the first and second

curves. The second curve obtained with Inconel

1-8.5 is only slightly less steep than the first. In this

respect this metal differs from monel metal G-8, for

which the second curve is considerably less steep than
the first. This difference possibly is due to a difference
in the degree of relief of internal stress. Annealing
monel metal at 800° F is known to eliminate most of
the internal stress. It is possible that somewhat more

internal stress remains after annealing Inconel at 850° F.

The effect of annealing on the initial proof stresses,
and on the proof stresses derived from the second stress-
set curve of each initial pair, is shown in the two diagrams
for Inconel in figure 20. One of these diagrams, desig-
nated ‘“first loading,” represents proof stresses obtained
from the initial stress-set curve at three temperatures.

The other diagram, designated ‘‘second loading,”

represents results obtained from the second stress-set

curve of each initial pair. Abscissas in these diagrams
represent annealing temperatures; ordinates represent
proof stresses. Results obtained with unannealed,
cold-drawn Inconel are plotted at an abscissa repre-
senting room temperature (70° F). The broken lines

REPORT NO. 696—NATIONAL ADVISORY COMMITTEE FOR AERONATUTICS

connecting cotresponding points at abscissas 70° T
and 850° F do not represent the actual variation of
proof stresses with temperature. The actual variation
is not linear.

As illustrated by the diagram designated “first
loading,” annealing for the relief of internal stress (at
850° F) has caused great improvement in the 0.001-
and 0.003-percent proof stresses, and has caused slight
improvement in the 0.01-percent proof stress. This
annealing, however, had no effect on the 0.03-percent
proof stress and slightly lowered the 0.1-percent proof
stress. As represented by the diagram designated
“second loading,” annealing at 850° F has greatly
increased the 0.001- and 0.003-percent proof stresses,
has slightly increased the 0.01-percent proof stress, and
has slightly lowered the 0.03- and 0.1-percent proof
stresses relative to the proof stresses obtained by second
loading with the metal as received. Annealing for
relief of internal stress, therefore, ecauses much improve-
ment in the (initial) proof stresses that may be con-
sidered indices of elastic strength, but causes some
decrease in the proof stress (0.1 percent) that may be
considered as an index of yield strength. The effect of
annealing for relief of internal stress, on the initial proof
stresses, is qualitatively the same for Inconel as for
monel metal (fig. 20).

By means of these two diagrams for Inconel, it is
possible to compare the results of relief of internal
stress due to annealing at 850° F with the results of
relief of internal stress due to slight plastic extension.
This relationship is revealed by comparing the heights
of corresponding curves in the first-loading and second-
loading diagrams, at abscissas representing 850° T
and 70° F,respectively. This comparison shows that
the slight plastic extension during first loading caused
about as much improvement in proof stresses as did
the annealing at 850° F. The rise of the second-
loading curves, between abscissas representing 70° T
and 850° F, however, indicates that the slight plastic
extension during the first loading did not remove all
the internal stress.

THE EFFECT OF ANNEALING ON THE MODULUS OF ELASTICITY AND
ON ITS STRESS COEFFICIENT FOR COLD-DRAWN INCONEL

In considering the effect of annealing on the modulus
of elasticity, and on its stress coefficient, attention will
be confined to results derived from imitial stress-
modulus lines. Results so obtained are shown in the
diagram at the right of figure 21.

The initial modulus at zero stress (K,) evidently is
decreased by annealing at 850° F, and it is still further
decreased by annealing at 1,750° F. The modulus of
severely cold-worked Inconel L, therefore, is lowered
by annealing. This evidence alone might appear to
imply that the modulus (for Incomel) is always in-
creased by cold work. As shown in figures 12 and 16,
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however, cold work under some conditions may decrease
the modulus. Fully annealed Inconel (fig. 16) when
plastically extended, shows a rapid increase of E, until
the prior plastic extension reaches about 1.9 percent.
With further plastic extension, F, decreases. Un-
annealed, cold-drawn Inconel (fig. 12), however, shows
a rapid decrease of E, with prior plastic extension. The
complex variation of the modulus of elasticity with
plastic deformation and with annealing evidently is
due to the operation of more than one factor. These
factors are discussed in section X.

The linear stress-coefficient (C,) of the modulus evi-
dently is greatly decreased by annealing for relief of
internal stress. Further decrease is caused by anneal-
ing for recrystallization. The effects of annealing on
O, and E, therefore, are qualitatively similar. The Cy
curve for Inconel is similar to the C, curve for monel
metal (fig. 12), but the E, curve for Inconel differs
greatly from the E, curve for monel metal.

V. THE TENSILE ELASTIC PROPERTIES OF ALUMINUM-
MONEL METAL AS AFFECTED BY PLASTIC DEFOR-
MATION AND BY HEAT TREATMENT

DESCRIPTION OF THE ALUMINUM-MONEL METAL

Aluminum-monel metal, unlike monel metal and
Inconel, may have its strength greatly increased by heat
treatment. Heating to 1,450° F or higher gives a
solid solution consisting of a single phase. Rapid
cooling from this temperature preserves this single
solid solution practically unchanged. In this condi-
tion the metal is relatively soft and is easily workable;
it probably differs little in properties from ordinary
annealed monel metal. Reheating to 1,000-1,100° F,
however, causes a precipitation of a second microcon-
stituent in finely divided form, and thus causes great
increase in hardness.

The aluminum-monel metal supplied for this investi-
gation was in two different conditions. Both samples
probably had been heated to about 1,450° F and
rapidly cooled; both samples had then been cold drawn.
One of the samples (J) had then been reheated, probably
to 1,000-1,100° F'; the other sample (H) had not been
reheated. Sample (H), as shown in table II, is some-
what softer than the severely cold-drawn monel metal
G; the other sample (J) is much harder. The tensile
strengths of metals H, G, and J are 116,960, 125,700,
and 164,150 pounds per square inch, respectively.

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE STRESS-
SET CURVE AND ON THE DERIVED PROOF STRESSES FOR WORK-
HARDENED ALUMINUM-MONEL METAL H

Stress-deviation and stress-set curves obtained with
aluminum-monel metal are shown in figure 17. The
proof stresses derived from the stress-set curves are
plotted as ordinates in figure 18, with the corresponding
prior plastic extensions as abscissas. In the diagram

" than the following curve.
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at the left of each of these figures are curves obtained
with work-hardened aluminum-monel metal (H).

The intital stress-set curve for monel metal H is much
less steep than the second stress-set curve. This
relationship is similar to that found for unanmnealed,
work-hardened monel metal (G) and Inconel (). As
the experiments with aluminum-monel metal were
made before the test procedure had been fully de-
veloped, all the curves but one were obtained with
short prior-rest intervals. The experimental points in
each stress-set curve, moreover, are too few to show
more than qualitative relationships between the curves
of this series. The one curve obtained with a rela-
tively long prior-rest interval, however, is less steep
The influence of duration of
the rest interval, therefore, is qualitatively the same for
aluminum-monel metal as for the ordinary monel metal
and Inconel.

The intervals of plastic extension between the de-
terminations of stress-set curves, as shown in the
diagram at the left of figure 18, are of approximately
the same length, instead of being alternately long and
short as they are in all but one of the previously dis-
cussed diagrams of this type. The wide oscillations due
to the combinations of extension spacing and rest
intervals used in the previous tests, therefore, are not.
found in the curves for this material.

The initial trend of each of the basic curves (fig. 18)
evidently is upward. The curves for the 0.001-, 0.003-,
and 0.01-percent proof stresses then descend to a mini-
mum at small plastic extension (point 5). The second
minimum, at point 8, probably is due to the influence
of the relatively long prior-rest interval. The basic
curves for the 0.001- and 0.003-percent proof stresses

" probably consist of an initial rise and descent, followed

by a reascent, at least to the beginning of local con-
traction. This basic curve thus resembles the curve
for the work-hardened alloys previously discussed,
monel metal G and Inconel I (fig. 10). The initial
rise and descent of the curves for the 0.001- and 0.003-
percent proof stresses, however, is much less steep for
aluminum-monel metal H than for monel metal G or
Inconel L. This difference may be due to the fact that
the stress-set curves for aluminum-monel metal (as
previously stated) are based on too few experimental
points.

THE INFLUENGE OF PRIOR PLASTIC EXTENSION ON THE STRESS-
SET CURVE AND ON THE DERIVED PROOF STRESSES FOR HEAT-
TREATED ALUMINUM-MONEL METAL J -

Stress-set curves for heat-treated aluminum-monel
metal J are shown in the diagram at the right of figure
17. (No stress-deviation curves were obtained with
this heat-treated alloy.) The proof stresses derived
from these stress-set curves are plotted as ordinates in
the diagram at the right of figure 18, with prior plastic
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extensions as abscissas. This alloy had been heat-
treated by the manufacturers. The temperature of
reheating, as previously stated, generally ranges from
1,000 to 1,100° F. At this temperature, the strengthen-
ing effect of previous cold work is not entirely elim-
inated, and the alloy is further strengthened by the
precipitation of a finely divided microconstituent.

The initial stress-set curve is steeper than the second
curve. In this respect, the heat-treated alloy J differs
from the work-hardened alloy H; it is similar to fully
annealed monel metal (G-12 and G-14), to annealed
Inconel (L-17.5), and to work-hardened monel metal
and Inconel that have been annealed for the relief of
internal stress (G-8 and 1-8.5). The reheating treat-
ment of aluminum-monel metal (at 1,000-1,100° F)
apparently has removed most of the internal stress
due to the previous cold work. A difference in the in-
ternal stress would account for the difference between
metals H and J with respect to the relative steepness
of the stress-set curves of the first pair.

As shown in figure 18, the experimental points and
the stress-set curves from which they are derived, are
distributed in pairs, separated by relatively long
intervals of prior plastic extension. The first stress-
set curve of each pair was determined after a relatively
- long rest interval; the second stress-set curve was deter-
mined after a very short rest interval. The influence
of the extension spacing and of the duration of the rest
interval has caused the first stress-set curve of each pair
(fig. 17), with the exception of the first pair, to be much
less steep than the second curve. In figure 18, conse-
quently, the second experimental point of each pair
except the first pair is higher than the first. This differ-

ence in height of the experimental points of a pair

increases with the prior plastic extension. The rela-
tively great difference between the rest intervals for
the points of each pair has caused the abrupt rises of
the curves to be generally greater in figure 18 than in
most of the previously discussed diagrams of this type.

In spite of the short rest interval prior to point 2, in
the diagram for the metal J in figure 18, the curves for
the 0.001- and 0.003-percent proof stresses show an
initial rapid descent. This rapid descent doubtless is
the initial trend of the basic eurve. The qualitative
course of the basic curve may be traced through the
experimental points representing long rest intervals.
The first minimum in this curve is reached at small
plastic extension, probably less than 1 percent. The
curve then rises, and attains & maximum. The basic
curves for the 0.001- and 0.003-percent proof stresses
show practically no continued upward trend. The
basic curve for the 0.01-percent proof stress also shows
an initial descent to a minimum. The 0.03- and 0.1-
percent proof stress curves, however, show no initial
descent but have a general upward trend at a gradually
decreasing rate.
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The basic curves for heat treated aluminum-monel
metal, therefore, are qualitatively similar to the basic
curves obtained with the monel metal and Inconel that
have been either fully annealed or annealed for the
relief of internal stress.

THE VARIATION OF THE MODULUS OF ELASTICITY WITH STRESS
FOR ALUMINUM-MONEL METAL

Because no stress-deviation curves were obtained
with heat treated aluminum-monel (), no information
has as yet been obtained about the modulus of elasticity
of this alloy. Stress-deviation curves, however, were
obtained with the work-hardened aluminum-monel
metal (H). These curves are shown in the upper row
of the diagram at the left of figure 17. From these
stress-deviation curves have been derived curves of
variation of the modulus of elasticity with stress.
These curves are shown in the lower diagram of figure 7.

The vertical direction of the initial stress-modulusline
(fig. 7) cannot be accepted without additional evidence.
This line is based on only three points in figure 17. All
of the other stress-modulus lines for aluminum-monel
metal H (fig. 7) are sloping and straight except near
the upper end. In this respect they are similar to the
stress-modulus lines obtained with the previously
described cold-worked metals G and L (figs. 11 and 15).
As shown in section III, a straight, sloping stress-
modulus line is obtained when the stress-deviation line
is a quadraftic parabola. This line is the characteristic
stress-deviation line for cold-worked monel metal and
Inconel. Moreover, the sloping stress-modulus line
has been shown (reference 1) to be the characteristic
stress-deviation line for cold-worked 18:8 alloy.

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE MODULUS
OF ELASTICITY AND OF ITS STRESS COEFFICIENTS FOR ALUMI-
NUM-MONEL METAL H

In figure 19, values of E, and C,, derived from the
stress-modulus lines in figure 7, are plotted as ordinates,
and the corresponding prior plastic extensions are
plotted as abscissas. The experimentally determined
points in figure 19 have been numbered to correspond
to the consecutively numbered stress-modulus lines in
figure 7.

In previously described diagrams of this type (figs.
6, 8, 12, and 16), oscillations in the E, curve generally
are accompanied by similar oscillations in the C,
curve. Because of the absence of distinet pairs of
experimental points in the curves of figure 19, however,
such a relationship does not appear in this figure.

The E, curve shows no distinet evidence of either
upward or downward trend; the oscillations are within
a very narrow range. In this respect, as would be
expected, the Ey curve for cold-worked aluminum-
monel metal H resembles the curve for cold-worked
monel metal G (fig. 12).
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The C, curve (fig. 19), as drawn, rises abruptly from
zero, As previously shown, however, the initial value
of C, is based on the probably incorrect vertical direction
of the initial stress modulus line (fig. 7); the initial
value possibly should be much greater. The C, curve,
moreover, would be expected to oscillate within a
narrow range, as does C, curve for cold-worked monel
metal G (fig. 12). .

Vi. THE TENSILE ELASTIC PROPERTIES OF 18:8
CHROMIUM-NICKEL STEEL AS AFFECTED BY PLASTIC
DEFORMATION AND BY ANNEALING

DESCRIPTION OF THE 18: 8§ CHROMIUM-NICKEL STEEL

The previous report considered the elastic properties
of 18:8 chromium-nickel steel as affected by plastic
deformation. Consideration will now be given to the
elastic properties of this alloy as affected by annealing,
especially annealing for the relief of internal stress.
TFurther consideration will then be given to the influence
of plastic deformation.

The 18:8 alloy used in this continued investigation
was supplied in two different degrees of hardness,
designated “half-hard” and “hard.” The different
degrees of hardness are due to different amounts of
cold drawing. Both the half-hard metal (DM) and
the hard metal (DH) are from the same heat. The
composition is given in table I.

Specimens of half-hard and hard metal were tested
as received. Other specimens, before testing, were
“gnnealed” for complete recrystallization and soften-
ing. For complete recrystallization, it is necessary to
heat this alloy only to about 1,200° F. TFor the com-
plete solution of any precipitated carbides, however,
it is necessary to heat the alloy to about 1,800° F.
Rapid cooling from this temperature prevents repre-
cipitation of the carbides and the alloy is in its softest
condition. The softening treatment actually given
consisted in heating to 1,830° F and in quenching in
water. Other specimens were annealed at various
temperatures to obtain various degrees of relief of
internal stress. Details of these treatments are given
in table ITIL.

THE EFFECT OF ANNEALING ON THE INITIAL PAIR OF STRESS-SET
CURVES AND ON THE DERIVED PROOF STRESSES FOR 18:8
CHROMIUM-NICKEL STEEL

The specimens as received and after annealing at
various temperatures were subjected to tension tests
to obtain correlated stress-deviation and stress-set
curves. The initial pair of each of these types of curve
was obtained with every specimen. A few of the
annealed specimens were extended, by numerous small
stages, to the beginning of local contraction, and corre-
lated stress-deviation and stress-set curves were de-
termined after each stage of extension. In the study
of the influence of annealing on elastic strength, how-
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ever, attention will be confined to the initial pair of
stress-set curves and to the derived proof stresses.

The stress-set curves (and the stress-deviation curves)
of each initial pair have been determined (as usual)
with practically no intervening plastic extension. Pairs
of stress-set curves obtained with the specimens as
received and after annealing at various temperatures
are shown in the lower row of figure 22; corresponding
pairs of stress-deviation curves are shown in the upper
row. In the diagrams at the left and right of figure
22 are results obtained with half-hard metal DM and
with hard metal DH, respectively. The duration of
the anneal, unless otherwise indicated, was 30 minutes.

Before the influence of annealing temperature on
either the first or the second stress-set curve is con-
sidered, a comparison will be made between the first
and second stress-set curves of each pair. In each
diagram of figure 22, the second stress-set curve of
each pair is steeper than the first. This difference in
steepness is greatest for the initial pair of stress-set
curves, for both DM and DH, and tends to decrease
with increase in the annealing temperature, at least up
to 900° F. These differences in steepness also are
greater for the hard metal than for the half-hard metal.
The difference in steepness between the first and
second stress-set curves is qualitatively the same for
this work-hardened 18:8 alloy as received as it is for
the work-hardened monel metal G (fig. 9), the work-
hardened Inconel L (fig. 18), and the work-hardened
aluminum-monel metal H (fig. 17).

The influence of the annealing temperature on either
the first or the second stress-set curve may be seen in
the lower row of curves in figure 22. The first stress-
set curve becomes steeper with an inerease in the
annealing temperature to 900° F; with a further in-
crease in the ammealing temperature to 1,830° F, the
curve becomes much less steep. The second stress-set
curve becomes steeper with an increase in the annealing
temperature to 700° F'; with a further increase in the
annealing temperature to 900° I the curve becomes
slightly less steep throughout the extent here shown.
If the curves are compared throughout a wider range
of stress, however, very little difference is found be-
tween the (second loading) curves obtained after an-
nealing at 700° F and then at 900° F. With a further
increase in the annealing temperature to 1,830° F, the
curves become much less steep. These variations are
qualitatively the same for half-hard and hard metal.

The variations of the proof stresses with annealing
temperature are shown in the four diagrams of figure 23.
The diagrams designated “first loading” and ‘“‘second
loading” are derived from the first and second curves,
respectively, of the pairs of curves in the lower row of
figure 22. Ordinates in these diagrams represent proof
stresses, and abscissas represent annealing tempera-
tures. An abscissa of 70° F is used to represent results
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obtained with specimens as received. All the experi-
mental points at 1,830° F were obtained with a speci-
men of initially half-hard material DM. Because
almost the same proof stresses would be obtained by
annealing either initially half-hard or hard material at
1,830° F, the experimental points obtained with the
half-hard material DM have been plotted in both the
upper and lower diagrams of figure 23.

All the curves in the diagrams representing first load-
ing, and most of the curves in the diagrams representing
second loading, rise to & maximum at an annealing
temperature of 900°-950° F, and then descend at a
decreasing rate. The initial rise is generally greater in
8 curve representing first loading than in the correspond-
ing curve representing second loading. In the diagram
representing first loading of half-hard metal DM, each
curve rises (from 70° F) first at an increasing, then at a
decreasing rate. In the corresponding diagram for hard
metal DH, the curves for the 0.001-, 0.003-, and 0.01
percent proof stresses have a slight initial descent.
This initial descent may be due to unavoidable inaccu-
racies in measurement. These curves possibly should
be nearly horizontal up to an annealing temperature of
about 500°. Additional experiments would be required
to determine whether the steep rise of the curves with
an increase in annealing temperature above 500° F is
characteristic of a severely work-hardened 18:8 alloy.

In the second-loading diagram for half-hard material,
there is no evidence of any important rise of the curves
of variation of the 0.001-, 0.003-, and the 0.01-percent
proof stresses. Because of the wide scatter of experi-
mental points of the lower two curves, the evidence for
the indicated initial descent of these curves must be
considered inconclusive. The curves for the 0.03- and
the 0.10-percent proof stresses rise considerably through-
out this range of temperature. Annealing this half-
hard metal for relief of internal stress, therefore, evi-
dently causes no important improvement in the proof
stresses that may be viewed as indices of elastic strength
(on second loading). Such annealing, however, evi-
dently does cause some improvement in the proof
stresses that may be viewed as indices of yield strength.

In the second loading diagram for hard metal DH,
the curves for the 0.003- and the 0.01-percent proof
stresses rise considerably with an increase in the anneal-
ing temperature from 70° F to about 700° F. This
rise suggests that there should be a similar important
rise in the less accurately determinable curve for the
0.001-percent proof stress. The curve for the 0.03-
percent proof stress also rises with an increase in the
annealing temperature, probably to 800° or 900° F.
No clear evidence of a general upward trend, however,
is found in the curve for the 0.1-percent proof stress.
Annealing this hard metal for relief of internal stress
evidently causes some improvement in the proof
stresses that may be viewed as indices of elastic strength
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(on second loading) but causes practically no improve-
ment in the proof stress (0.1-percent) that may be
viewed as an index of yield strength.

RELIEF OF INTERNAL STRESS BY PLASTIC EXTENSION AND BY
ANNEALING

The rise in the proof-stress curves with an increase of
the ammealing temperature from 70° F to 900° F
probably is due chiefly to relief of internal stress.
This diminution of the internal stress probably is
caused by local creep of the metal in the regions where
the stress’is greatest. Anmnealing at temperatures as
low as 500° F evidently caused important relief of
the internal stress in the half-hard metal DM. In the
bhard metal DH, relief of the internal stress evidently

| is slight at temperatures below about 750° or 800° F.

In both the half-hard and the hard metals, the maxi-
mum relief of internal stress probably is caused by
apnealing at 900° to 950° F.

Some manufacturers of stainless steel have advocated
annealing at a temperature of 390° to 570° F for about
36 hours. It has been thought that the long time at
this relatively low temperature would have much of
the beneficial effects that are caused by annealing at
900° F. Tn order to investigate the possibilities of this
suggested heat treatment, specimens of metals DM
and DH were heated at 482° F for 44 hours. The
results are represented by the stress-deviation and
stress-set curves in figure 22 and by the indicated
experimental points in figure 23. The results show that
the long time at this temperature has caused little
increase of the proof stresses above the values obtained
by annealing at the same temperature for 30 minutes.

A comparison of the corresponding second-loading
and firstloading diagrams throws some light on the
interrelationship between the relief of internal stress
by annealing and the relief of internal stress by slight
plastic extension. At an abscissa representing 70° I
each curve for second loading is much higher than the
corresponding curve for first loading. The slight plastic
extension in determining the initial stress-set curve
has, therefore, greatly increased the proof stresses.
Similar elevation of proof stresses by slight plastic
extension has been found with work-hardened monel
metal and with work-hardened Inconel (fig. 20). The

-effect of the slight plastic extension of these metals,

as shown in figures 20 and 23, is qualitatively similar
to the effect of annealing for the relief of internal stress.

A part of the elevation of the proof stresses caused
by the slight plastic extension is due to work-hardening;
a part is also due to the influence of the duration of the
rest interval. The second-loading curves in this figure
were obtained after a rest inteival of 31 to 837 minutes,
whereas the initial curves were obtained long after
the cold drawing and generally weeks after the machin-
ing. This difference in the duration of the rest interval
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is responsible for some of the difference in height
between the first-loading and second-loading curves.
Nevertheless, much of this difference in height would
be found (as shown in the previous report) even if the
rest intervals prior to both the first and second loading
were long.

The second-loading curves at an sbscissa (70° F)
representing unannealed material generally differ little
in height from the first-loading curves at an abscissa
(900° F) representing maximum relief of internal stress
by annealing. This relationship (with due allowance
for the previously mentioned influence of the duration
of the rest interval) suggests that the slight plastic
extension required for determining the initial stress-set
curve has relieved most of the internal stress in the
unannealed metal. The rise in most of the second-
loading curves with an increase in the annealing tem-
perature from 70° F to 900° F apparently indicates
that this extension has not removed all of the internal
stress, especially in the hard metal DH.

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE DERIVED
PROOF STRESSES FOR FULLY ANNEALED 18 : § CHROMIUM-NICKEL
STEEL

A specimen of the initially half-hard metal DM, which
had been given a softening treatment at 1,830° F and
had then been used in obtaining the experimental points
at an abscissa representing 1,830° F in figure 23, was
extended further by numerous small stages. After
cach of these stages, correlated stress-deviation and
stress-set curves were determined. Because the forms
of such curves for 18 : 8 alloy steels have been thor-
oughly illustrated in the previous report, these curves are
not shown in this report. The derived proof stresses,
however, have been used in studying the variation of
these proof stresses with prior plastic extension. This
relationship is shown in figure 24.

The experimental points in this diagram are distrib-
uted in pairs. The first three pairs are separated by
relatively short intervals of plastic extension; the other
pairs are separated by relatively long intervals. The
influence of the extension spacing and of the duration of
the rest interval causes an abrupt rise in the curves
between the first and second experimental points of
cach pair. The relatively large rises at pairs 11-12,
1920, and 23-24 evidently are due to the very short
rest intervals before the determination of the second
experimental points of these pairs. The rise in the
curve at a pair of experimental points also tends to
increase with an increase in the total plastic extension.
In these respects, therefore, the 18 : 8 alloy is qualita-
tively similar to monel metal, Inconel, and aluminum-
monel metal.

The oscillations due to the combined influence of the
extension spacing and the duration of the rest interval
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are superposed on a basic curve of variation of proof
stress with prior plastic extension. The form of the
basic curve may be determined approximately by as-
suming that the curve starts at the indicated origin
and traverses the low points of the superposed oscil-
lations. (The assumption that the basic curve follows
approximately the low points of the oscillations would
give a qualitatively correct form but not a correct
position. For a corrcet position, the basic curve
probably should traverse more nearly the midpoints of
the oscillations.) The basic curves for the 0.001- and
0.003-percent proof stresses have an initial upward
trend from the origin to point 7, at a prior plastic
extension of about 2 percent. The trend is then re-
versed, and the curves descend to a minimum ab
point 13, at a prior plastic extension of about 16 percent.
With further plastic extension, oscillations of the basic
curve continue, with no general upward trend in the
curve for the 0.001-percent proof stress, but with a
slight upward trend in the curve for the 0.003 percent
proof stress. The basic curves for the 0.01-, 0.03-, and
0.1-percent proof stresses evidently rise from the origin,
at a gradually decreasing rate.

The initial rapid rise and descent of the 0.001- and
0.003-percent proof-stress curves for fully annealed
18:8 chromium-nickel steel is similar to the course of
the curves for the annealed 18:8 alloy steel 2A~1
considered in reference 1. The initial course of these
curves, however, is very different from the course of
the proof stress-extension curves for the other fully
annealed alloys that have been discussed in this report.
All the proof stress-extension curves for fully annealed
monel metal (figs. 2 and 4), and the lower three curves
for Inconel (fig. 14), have an initial rapid descent to a
minimum. Similar descent is found in the lower
three curves for heat-treated aluminum-monel metal
J (fig. 18).

The fully annealed monel metals G-12 and G—14, the
fully annealed Inconel 1.-17.5, and the heat-treated
aluminum-monel metal J probably were initially free
from internal stress. The initial descent of the proof-
stress-extension curves for these metals (figs. 2, 4, 14,
and 18), therefore, probably is due to the predominant
influence of increase of internal stress. As the annealed
18:8 alloy DM-18.3 also probably was initially free
from internal stress, the initial rise of the proof-stress
curves could not be due to relief of internal stress.
The descent following the initial rise, however, must
be due to an increase of internal stress. This relation-
ship suggests that the internal stress increased con-
tinuously throughout the initial rise and descent of the
basic curves but that the depressing influence of the
increasing internal stress was overcome at first by the
elevating influence of work-hardening. Eventually,
the influence of the increasing internal stress predomi-
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nated over the influence of the work-hardening, thus
causing the proof-stress curves to descend.

The initial trend of a proof-stress-extension curve
(for & metal initially free from internal stress) evidently
depends on the relative magnitudes of the elevating
influence of work-hardening and the depressing influ-
ence of incteasing internal stress. A metal with a
high initial rate of work-hardening tends to give a
proof-stress-extension curve with an initial rise and
descent, such as the lower two curves obtained with
18:8 alloy DM-18.3 (fig. 24). A metal with a lower
initial rate of work-hardening tends to give a curve
with an initial descent, such as the curves obtained
with fully annealed monel metal, fully annealed Inconel,
and heat-treated aluminum-monel metal.

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE PROOF
STRESSES FOR WORK-HARDENED I8 : $ CHROMIUM-NICKEL STEEL
ANNEALED FOR RELIEF OF INTERNAL STRESS

The maximum relief of internal stress for 18:8 alloy,
as shown in figure 23, is caused by annealing at about
900° ¥. Specimens of half-hard and hard 18:8 alloy,
which had been annealed at 900° F and used in obtain-
ing data for figure 23, were then extended by numerous
small stages to the beginning of local contraction.
After each of these stages, correlated stress-deviation
and stress-set curves were determined. From the
stress-set curves, which are not shown in this report,
proof stresses have been derived. These proof stresses
are plotted against plastic extensions in figure 25.

The experimental points in this figure are distributed
in pairs. The influence of the rest interval and of the
extension spacing has caused the second experimental
point of each pair, with only one exception, to be higher
than the first. The resultant oscillations in the curves
as drawn malke it difficult to determine the entire course
of each of the basic curves. The course of such a curve
may be established by determining all the experimental
points with long prior rest intervals. In the absence of
such a series of experimental points, however, the forms
of the basic curves in figure 25 may be determined by
assuming that these curves would traverse approxi-
mately the points that have been determined with a
relatively long prior-rest interval. In such a study,
consideration must be given to the possibility of a re-
bound of the basic curve between adjacent low points.

The initial trend of each basic curve in figure 25 may
be readily determined. This trend is indicated by the
relative positions of points 1 and 3. Tf point 3 is below
point 1, a rise from point 1 to point 2 may be attributed
to the influence of the relatively short rest interval prior
to the determination of point 2. This is the probable
reason for the rise from point 1 to point 2 in the 0.003-
percent proof stress curve for half-hard metal DM-9
and in the lower three curves for hard metal DH-9.
The initial trend of each of these curves, as indicated
by the relatively low position of point 3, is downward.
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The initial trend of every other curve in figure 25 is
upward.

In the diagram for metal DM-9, the exceptionally
high rebound from point 3 to point 4 (in the lower two
curves), followed by the still greater recoil to point 5,
may possibly be due to a rapid rise and fall of the basic
curve. Additional experiments, therefore, are needed
to determine whether the first minimum in these curves
is at point 3 or point 5. In the diagram for metal
DH-9, the basic curves for the 0.001-, 0.003-, and 0.01-
percent proof stresses evidently reach a minimum at a
prior plastic extension of about 0.5 percent, then rise
rapidly throughout the further extent here represented.
The most significant feature in figure 25 is the initial
descent of the lower two curves for metal DM-9 and of
the lower three curves for metal DH-9.

In the initial trend, the basie curves for metals DM-9
and DH-9 are similar to the curves for another work-
hardened metal that had been annealed for relief of in-
ternal stress (monel metal G-8, fig. 10). The basic
curves for metals DM-9 and DH-9 are also similar to
the curves for the fully annealed monel metal (figs. 2
and 4), the fully annealed Inconel L—-17.5 (fig. 14), and
the heat-treated aluminum-monel metal J (fig. 18).
Because all these alloys probably were nearly free from
internal stress, the initial descent of the (lower) proof-
stress-extension curve probably is due to the pre-
dominating influence of increase of internal stress.

THE VARIATION OF THE MODULUS OF ELASTICITY WITH STRESS
FOR FULLY ANNEALED 18 : 3 CHROMIUM-NICKEL STEEL

After each stage of plastic extension of the specimen
of annealed chromium-nickel steel represented in figure
24, a corrected stress-deviation curve was obtained.
(The curves thus obtained are not shown in this report.)
From each of these curves has been derived a graph
representing the variation of the modulus of elasticity
with stress. The stress-modulus lines thus obtained
(fig. 26) are numbered consecutively in order of the
corresponding prior plastic extensions. The plastic ex-
tension prior to the determination of each stress-
modulus line is indicated by the abscissa of the corre-
spondingly numbered experimental point in figure 27,
which is derived from figure 26.

Stress-modulus lines 1 to 18 and line 15 are curved
from the origin; the other stress-modulus lines are prac-
tically straight. Within a range of prior plastic exten-
sion from zero to about 15 percent (fig. 27), therefore,
this alloy gives curved stress-modulus lines. After
further plastic extension, the stress-modulus lines are
straight.

Adjacent to each stress-modulus line is & number
representing the linear stress-coefficient ((p), based on
the initial slope. Stress-modulus line 1, as indicated
by the value of zero for (, is practically vertical at the
origin. Very low values of C, have been found also for
the initial curves obtained with fully annealed monel
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metal (figs. 5 and 7) and fully annealed Inconel (fig. 15).
A general discussion of the forms of the initial stress-
modulus line and the initial stress-deviation curve, for
fully annealed metals, is given in section X.

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE MODULUS
OF ELASTICITY AND ON ITS STRESS COEFFICIENT FOR FULLY
ANNEALED 18 : § CHROMIUM-NICKEL STEEL

The values of E, and G, given in figure 26 have been
plotted as ordinates in figure 27, with abscissas repre-
senting prior plastic extensions.

Before the general trend of the curves in figure 27
is considered, attention will be given to the abrupt
oscillations due to the combined influence of the exten-
sion spacing and the duration of the rest interval. In
the curves for E;, and (,, the abrupt oscillations (almost
without exception) are qualitatively similar; each
abrupt rise or drop in the curve for K, at a pair of
experimental points, is accompanied by a similar
abrupt change in direction in the curve for C;,. Most
of the abrupt oscillations in the curves for £, and G,
however, are accompanied by opposite oscillations in
the proof stress-extension curves (fig. 24). The oscilla-
tions in these curves for 18 :8 chromium-nickel steel
are similar to the oscillations in the curves for monel
metal and Inconel.

The approximate course of the basic curve for X, is
indicated by the dotted line (fig. 27). This line is
based chiefly on the experimental points obtained with
relatively long prior rest interval. The basic E; curve
for this annealed 18 : 8 alloy, like the basic E, curves
for annealed monel metal (fig. 8) and annealed Inconel
(fig. 16), hos an initial rise, followed by descent at a
decreasing rate. The approach to a horizontal direc-
tion, however, is much slower in the E; curve for the
18 : 8 alloy than in the curves for the annealed monel
metal and Inconel. TUnlike the curves for monel metal
G-12 (fig. 8), and possibly Inconel (fig. 16), moreover,
the E, curve for the 18:8 alloy (fig. 27) gives no
evidence of reascent. The reasons for these forms of
the E; eurve are given in section X.

The basic G, curve for annealed 18 : 8 alloy (fig. 27)
starts at a very low value of (; (practically zero) and
rises rapidly to & maximum at a prior plastic extension
of about 15 percent. With further plastic extension,
the curve has a general downward trend, at a gradually
decreasing rate. The O, curve, therefore, is qualita-
tively similar to the E, curve. The () curve also is
qualitatively similar to the (, curves for annealed
monel metal (figs. 6 and 8) and annealed Inconel
(fig. 16).

The highest point in the (, curve (fig. 27) corresponds
approximately with the point of change of the stress-
modulus line from a curve to a straight line (fig. 26).
Throughout the rise of the G, curve (fig. 27), the cor-
responding stress-modulus line is curved. The varia-
tion of the curvature of the stress-modulus line, within
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this range of plastic extension, is illustrated by the
diagram for metal DM-18:3 in figure 46. The ¢’
curve in this diagram rises abruptly with slight plastic
extension, and then takes a general downward course.
The second experimental point of a pair tends to be
at the bottom of an oscillation. The abrupt oscilla-
tions in this curve thus are qualitatively similar to the
oscillations in By and G, curves. The basic ¢/ curve
for the 18 :8 alloy is qualitatively similar to the ¢’
curves of monel metal and Inconel (in the same figure),
and is also qualitatively similar to the basic curve for
18 : 8 alloy 2A-1. The curve for alloy 2A—1 is de-
rived from data in reference 1. This curve differs
quantitatively from the other curves in figure 46 in
that it has a smaller initial rise and a more regular
downward course from the maximum.

MODULUS-EXTENSION CURVES FOR WORK-HARDENED 18: 8 CHRO-
MIUM-NICKEL STEEL ANNEALED FOR RELIEF OF INTERNAL STRESS

The modulus-extension curves for half-hard 18 : 8
alloy DM~—9 and hard 18 : 8 DH-9 are shown in figure 28.
The specimens used in obtaining these diagrams were
annealed (before test) at 900°. F for maximum relief
of internal stress. The experimental points in figure
28 are derived from a consecutive series of stress-modulus
lines. The first pair of stress-modulus lines, for both
half-hard and hard 18 :8 alloy, are shown in figure 29.
The initial stress-modulus line for the half-hard metal
DM--9 is slightly curved and is nearly vertical at the
origin. The stress-deviation line on which this stress-
modulus line is based, therefore, is approximately a
cubic parabola (sec. IIT). The initial stress-modulus
line for hard metal DH~9 is nearly vertical but is
straight. With further plastic extension, all the stress-
modulus lines for both half-hard and hard metal (not
shown. in this report) are straight.

Because the initial stress-modulus line for half-hard
metal DM-9 is curved from the origin (fig. 29), broken
lines are drawn from point 1 to point 2 of the graphs for
L, and G, in the diagram at the left of figure 28. Tor
the same reason, the graph for Ei is not extended to
the left of point 2.

At the pairs of experimental points in figure 28, there
are few abrupt rises or descents in the curves for E,
and C). The abrupt changes generally are the same in
direction for both the E; and C, curves and are opposite
in direction to the corresponding changes in the proof
stress-extension curves (fig. 25).

The basic K, curve for half-hard material (fig. 28)
probably rises from point 1 to point 2. This rise
accompanies the change of the stress-modulus line from
a curve to a straight line. (See DM-9 curves, fig. 29).
Beyond point 2, the basic curve evidently descends at a
decreasing rate. The basic I, curve for hard metal
DH-9 also descends at a gradually decreasing rate.
The E, curves for both half-hard and hard metal,
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therefore, are similar in form to the E, curves for fully
annealed 18 : 8 alloy DM-18.3 (fig. 27).

The basic G, curves for both half-hard and hard 18:8
alloy annealed for relief of internal stress (fig. 28) rise
continuously, throughout the extent here shown. In
the curve for half-hard metal DM-9, the rapid rise
from point 1 to point 2 accompanies the change of the
stress-modulus line from a curve to a straight line
(fig. 29). These basie curves for work-hardened 18:8
alloy are similar in form to the curve obtained with
another work-hardened alloy that had been annealed
for relief of internal stress (monel metal G-8, fig. 12).
The rising trend of these ¢y curves probably charac-
terizes work-hardened metal that has been suitably
annealed for the relief of internal stress. The influence
of internal stress on the C, curve is discussed further in
section X.

The intermediate curve in each of the diagrams in
figure 28 represents the variations of the secant modulus
corresponding to an arbitrarily selected value of the
stress. In the diagram at the left, the curve for Hi,
shows the variations of the modulus corresponding to a
tensile stress of 100,000, pounds per square inch. This
curve has not been extended to the left of the point of
change of the stress-modulus line from a curve to a
straight line. In the diagram at the right, the curve
for Iy shows the variations of the modulus correspond-
ing to a tensile stress of 200,000 pounds per square inch.
THE EFFECT OF ANNEALING ON THE INITIAL PAIR OF STRESS-

MODULUS CURVES FOR COLD-DRAWN 18:8 CHROMIUM-NICKEL
STEEL

In figure 29 are shown the initial pair of stress-
modulus lines for half-hard and hard 18:8 chromium-
niclkel steel, as received and after annealing at various
temperatures. In the diagram for the half-hard metal
DM, the second stress-modulus line for the metal
annealed at 900° ¥ is straight, at least in the lower
part; all the other stress-modulus lines are slightly
curved from the origin. The first curve of each pair
gives a very low value of (,; the second curve gives a
much higher value. Slight curvature is found in some
of the stress-modulus lines for the five half-hard 18:8
alloys discussed in the previous report. Curvature
generally is not found in the initial stress-modulus lines,
but it may appear after slight plastic extension and
disappear after more plastic extension.

In the diagram for the hard metal DH (fig. 29), all
the stress-modulus lines are practically straight, at
least in the lower part. Very low values of G, are de-
rived from both the stress-modulus lines for the metal
as received, and the second stress-modulus line for
the metal annealed at 900° F; a slightly higher value
of C, is derived the second stress-modulus line for the
metal annealed at 900° F.

Much higher values of C, are derived from all the
other stress-modulus ‘lines of this diagram. The low
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values of C, obtained with metals DM and DH as
received are very different from the values obtained
with the five 18: 8 alloys discussed in reference 1. All
five alloys, both in half-hard and hard condition, gave
high values of C,. With plastic extension, the value of
C, (for each of the five hard 18:8 alloys) decreased,
but remained somewhat higher than the highest value
given in figure 29. Possible reasons for this great
difference in behavior between the five 18:8 alloys
discussed in reference 1 and metals DM and DH dis-
cussed in this report are given in section IX

THE EFFECT OF ANNEALING ON THE MODULUS OF ELASTICITY AND
ON ITS STRESS COEFFICIENT FOR COLD-DRAWN 18 : 8 CHROMIUM-
NICKEL STEEL

The values of By and C, for the first stress-modulus
curve of each pair in figure 29 have been used in deriv-
ing the curves for E; and G, in figure 30. These curves
show the variation of the initial values of E, and C,
with annealing temperature. An abscissa correspond-
ing to 70° F has been used in plotting results for the
metals as received.

The E; curve in each diagram rises continuously with
increase in the annealing temperature. The value of
E, is much higher for fully annealed metal (vepresented
by the right end of each curve) than for the metal as
received. A similar relationship was found for the
five 18:8 alloys considered in the previous report. The
curve of variation of K, with annealing temperature
for those alloys probably would be similar to the X,
curve for metals DM and DH (fig. 30).

The E, curves for 18:8 alloys DM and DH (fig. 30),
however, differ greatly in trend from the corresponding
E, curves for monel metal and Inconel (fig. 21). The
reasons for this difference may be found in section X.

The C, curves for metals DM and DH are low at
the left, rise somewhat in the middle, and descend to a
very low value at an abscissa representing fully annealed
metal. The relatively high part of each curve is within
the range of annealing temperature for relief of internal
stress without important loss of strength. These
curves apparently differ greatly from the correspond-
ing curves for monel metal and Inconel (fig. 21), par-
ticularly in the range of temperature between 70° I
and 900° F. Within this range, the curves for the
18:8 alloys rise, and the curves for monel metal and
Inconel (as drawn) descend. The exact course of the
C, curves for monel metal and Inconel, however, is
not established throughout the range of annealing
temperature from 70° F to 800° F or 850° F. The
rise and descent of the C, curves for metals DM and
DH, moreover, may not be the typical trend for 18:8
alloys. As previously stated, metals DM and DH
give much lower values of both E, and (, than the
values obtained with the five 18:8 alloys considered
in the previous report.
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The results of the annealing treatment at 482° F
for 44 hours are represented (figz. 30) by diamond-
shaped shaded points. These results show that the
long time at this temperature has caused little change
in E, but has decreased (% considerably below the cor-
responding values obtained by annealing for 30 minutes.
The longer annealing time has decreased the curvature
of the stress-strain line but (as shown in fig. 23) has
had little effect on the proof stresses.

ASSEMBLED DATA ON THE INFLUENCE OF PLASTIC DEFORMATION
AND OF ANNEALING ON E; AND C; FOR 18:8 CHROMIUM-NICKEL
STEEL

The 18:8 alloy steels DM and DH differ from the
five 18:8 alloys considered in the previous report not
only in the initial values of (4 but also in the values
for I, It has seemed desirable, therefore, to assemble
for comparison the characteristic values of K, obtained
with all these alloys. In figure 30, consequently, have
been plotted initial values of Ey and values obtained
after tensile extension nearly to the beginning of local
contraction. The two diagrams in this figure give
information about the influence of plastic deformation
and of annealing on the modulus of elasticity and on
its stress coefficient. The 18:8 alloys discussed in the
previous report are designated by numerals 1 to 5;
following each of these numerals is a letter indicating
the degree of hardness of the alloy as received; the
fully annealed, half-hard, and hard alloys are desig-
nated, respectively, by the letters A, B, and C. Values
obtained with half-hard and hard alloys are plotted in
their respective diagrams. Values obtained with the
alloys as received are plotted at an abscissa represent-
ing 70° I, values obtained with fully annealed alloys
are plotted, in both diagrams, at an abscissa represent-
ing an annealing temperature of 1,830° F.

The initial values of E, obtained with the 18: 8 alloys
considered in the previous report are much greater than
the corresponding values obtained with alloys DM and
DH (fig. 30). After tensile extension nearly to the
beginning of local contraction, however, a lower value
for E, was obtained with the fully annealed alloy 2A
than with the fully annealed alloy DM-18.3. The
value for half-hard alloy 1B, after similar tensile exten-
sion, is about the same as the value obtained with alloy
DM as received. (Alloy DM was not extended to the
beginning of local contraction.) After similar tensile
extension of the hard alloys 2C, 3C, 4C, and 5C, the
values for K, remain higher than the value obtained
with alloy DH as received.

As the values for E; and G, are generally higher for
the five alloys considered in the previous report than
for alloys DM and DH, the values obtained with
alloys DM and DH may be exceptionally low. These
low values cannot be attributed to abnormality in chem-
ical composition. The chemical composition of metals
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DM and DH is within the range of composition of the
five 18:8 alloys considered in reference 1, and differs
little from the composition of alloy 2. The rapid rise
of the proof stresses of these alloys with relief of internal
stress (fig. 23), moreover, indicates that the low initial
values of E, and C, for metals DM and DH (fig. 30)
cannot be attributed to low internal stress. The
influence of crystal orientation in causing such differ-
ences in £, and G, is considered in sections IX and X.

VII. THE TENSILE ELASTIC PROPERTIES OF 13:2
CHROMIUM-NICKEL STEEL AS AFFECTED BY PLASTIC
DEFORMATION AND BY HEAT TREATMENT

DESCRIPTION OF THE 13:2 CHROMIUM-NICKEL STEEL

The stainless steels hitherto discussed in this report
and in reference 1 are practically single-phase alloys.
The elastic strength of these alloys may be increased by
cold-work but not (to an important extent) by heat
treatment. The stainless steel now to be considered,
13:2 chromium-nickel steel, may be strengthened either
by cold-work or by heat treatment. In another im-
portant respect, moreover, this steel differs from the
alloys previously considered. The space lattice of each
of the alloys previously considered is face-centered
cubic. The 13:2 chromium-nickel steel, either after
strengthening heat treatment or in the softest condi-
tion, has a ferritic matrix. The space lattice of this
matric is body-centered cubic.

The steel used in this investigation was supplied in
the form of round rods. The chemical composition is
given in table I. The heat treatment given by the
manufacturers consisted in heating to 1,240° F and
cooling in the furnace. As no other heat treatment is
mentioned by the manufacturers, probably no heat
treatment intervened between the hot-rolling and the
reheating to 1,240° F. Heating to about this tempera-
ture and cooling slowly is the most convenient treatment
for softening. Heating to about 1,750° F causes the
carbides to go into solution and thus makes the alloy
(at that temperature) practically a single-phase aus-
tenitic alloy. As the transformation of this alloy on
cooling is slow, only partial transformation occurs on
coolingin air. Suitable heat treatment consists in cool-
ing in air from 1,750° F, and reheating to the desired
temperature for tempering.

In order to investigate the effect of heat treatment on
the elastic properties, consequently, specimens were
heated to 1,750° I, cooled in air, and reheated to vari-
ous temperatures, ranging from room temperature to
1,750° F. After tempering, the specimens were cooled
in the furnace.” Details of the heat treatment are
given in table ITI.

7 The elastic properties probably are not affected by the rate of cooling after temper-

ing at temperatures up to about 1,240° F. Greater toughness, however, probably
would be obtained by cooling in air.
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THE EFFECT OF TEMPERING ON THE INITIAL PAIR OF STRESS-SET
CURVES AND ON THE DERIVED PROOF STRESSES FOR 13:2
CHROMIUM-NICKEL STEEL

With each of these specimens, an initial pair of cor-
related stress-deviation and stress-set curves were
determined. The pairs of stress-set curves are shown
in the lower row of figure 31. Corresponding pairs of
stress-deviation curves are shown in the upper row.

The second stress-set curve of each pair is steeper than
the first. This difference in steepness is very great in
the first pair, which was obtained with a specimen that
had been air-cooled from 1,750° F and not afterward
reheated. The difference in steepness decreases with an
increasein the tempering temperature, up to about.850° F.
With further increase in the tempering temperature,
the difference in steepness increases and is very great in
thespecimens that were tempered at1,450°and 1,750° F.
The pair designated A, like the first pair, was obtained
with a specimen that had been cooled from 1,750° F.
The indicated difference in the rate of cooling from this
temperature accounts for the difference in steepness of
corresponding curves of the two pairs. The pair
designated B (heated to 1,240° F by the manufac-
turers), as would be expected, differs little from the pair
obtained with a specimen that had been air-cooled from
1,750° ¥ and tempered at 1,200° F.

The variation of steepness with annealing tempera-
ture is much greater for the first curve than for the
second curve of a pair. These variations may best be
studied by considering the influence of annealing tem-
perature on the proof stresses. Proof stresses derived
from the stress-set curves in figure 31 have been plotted
as ordinates in figure 32, with the abscissas representing
tempering temperatures. The diagrams designated
“first loading” and “second loading” are derived from
the first and second curves, respectively, of the pairs of
stress-set curves of figure 31.

The course of each curve (fig. 32) is largely due to
the variation of microstructure with the tempering
temperature. The initial rise is largely due to harden-
ing of the metal caused by transformation of retained
austenite and precipitation of fine particles of carbide.
At the maximum, which is the same for all curves in
each diagram but not the same in the two diagrams,
the microstructure consists of fine particles of carbide
dispersed in a matrix of ferrite. The descent of the
curves is due to the growth and the decrease in number
of the carbide particles. The reascent, with an increase
in the tempering temperature above about 1,250° ¥, is
due to increasing re-solution of the carbide particles and
to partial reprecipitation in finer form during the cooling
from_the tempering temperature. The rate of cooling
from the tempering temperature evidently is important
when this temperature is above about 1,250° F.

The initial rise in the curves (fig. 82) is similar to the
initial rise in the curves of variation of proof stresses of
18: 8 alloy with annealing temperature (fig. 23). The
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initial rise in the curves for the 18:8 alloy, and in the
curves for monel metal and Inconel (fig. 20), is due
chiefly to relief of internal stress. The relief of internal
stress is also an important factor but is not the only
factor, in the initial rise of the curves for 13:2 alloy
(fig. 32), especielly in the diagram representing first
loading. The internal stress in this alloy is due not to
cold-work but to the volume changes (caused chiefly
by the partial transformation of the austenite) during
the cooling in air from 1,750° .

In the diagram for first loading, the ascent of the
curves (between 70° F and 700° F to 800° F) is
caused by two factors, the relief of internal stress and
the variation of microstructure. The relative import-
ance of these two factors varies with the amount of
permanent set on which the proof stress is based.
The influence of relief of internal stress is relatively
laxge for the curves representing 0.001-, 0.003-, and
0.01-percent proof stresses and is small for the other
two curves. As the slight plastic extension during the
first loading causes important changes in internal
stress, the following comparison of the diagrams
representing first and second loading gives information
about the relative importance of the variation of
internal stress and the variation of microstructure as
causes of the initial ascent of the curves.

In the diagram for first loading, the ascent of the
curves is due to a change in both microstructure and
in internal stress; in the diagram for second loading,
the ascent probably is due almost entirely to a change
in the microstructure. A comparison of the ascents
of the lower curves in the two diagrams malkes it possi-
ble to estimate approximately how much of the ascent
of the curves in the diagram is due to relief of internal
stress. In such a comparison, however, consideration
should be given to the fact that the xise of the lower
curves in the diagram for second loading probably has
been diminished somewhat by restoration of internal
stress during the first loading after annealing at 700° If
to 800° F. As stated in section III, tensile extension
of specimens in which the internal stress is zero or at a
minimum, causes increase of internal stress and thus
tends to lower the proof stresses. For this reason, the
curves at the maximum in the diagram for second load-
ing may have been somewhat depressed. This effect,
however, probably is small. The total ascent of the
curve for 0.003-percent proof stress (the best estab-
lished of the lower curves) is slightly more than twice
as great in the diagram for the first loading than in the
diagram for the second loading. Somewhat more
than half the ascent of this curve in the diagram for
first loading, therefore, probably is due fo relief of
internal stress. ‘The remainder of the ascent is due to
a change of microstructure.

At an abscissa representing 1,750° F, in each dia-
gram, are two series of experimental points. The
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lower series represents results obtained with a specimen
that had been heated to 1,750° F and cooled in the
furnace. This specimen had not been previously
heated to 1,750° F' and cooled in air, as had all the
specimens represented by the small circles. Such a
prior treatment, however, would not have affected the
results obtained by heating to the same temperature
and cooling in the furnace. The upper series of experi-
mental points, at the same abscissa, ave merely repeti-
tions of the experimental points plotted at 70° F.
This repetition appears justified by the fact that
tempering at 1,750° ¥ and cooling in air would be
merely a repetition of the treatment that was given to
the specimen represented at an abscissa of 70° F.

Cooling in the furnace from 1,750° F evidently gives
lower proof stresses than does cooling in air from the
same temperature. By very slow cooling, the proof
stresses may be decreased still more. Excessively slow
cooling probably would permit a sufficient precipitation
and growth of carbides to reduce the proof stresses to
the values obtained by tempering at about 1,250° F.
Tempering at about 1,250° F, however, is the most
convenient treatment for softening.

The experimental points at 1,240° represent results
obtained with this alloy as received. The report of
heat treatment by the manufacturers indicates that this
alloy was heated to 1,240° F and cooled in the furnace.
No mention is made of any heat treatment intervening
between the hot-rolling and the tempering. The proof
stresses for this alloy (fig. 32) are about the same as if
the alloy had been given a solution treatment, followed
by air cooling, prior to the tempering at 1,240° F. This
solution treatment, however (as shown below), had
great effect on the values of B, and C,.

THE EFFECT OF REAT TREATMENT ON THE INITIAL PAIR OF
STRESS-MODULUS LINES, ON THE MODULUS OF ELASTICITY
AND ON ITS STRESS-COEFFICIENT FOR 13 :2 CRROMIUM-NICKEL
STEEL

The initial pair of stress-modulus lines, obtained with
specimens that had been given the previously described
heat treatments, are shown in figure 33. These stress-
modulus lines are derived from the stress-deviation
curves in the upper row of figure 31. All the stress-
modulus lines except the first line obtained after temper-
ing at 1,200° F, are practically straight. In this
respect, these stress-modulus lines obtained with a heat-
treated alloy resemble the lines obtained with single-
phase alloys that have been hardened by considerable
plastic extension (figs. 11, 15, and 26). A noteworthy
feature in figure 33 is the great difference in slope and

in position at the origin, between the lines of pair B

and the lines obtained by tempering at 1,200° F after

air-cooling from 1,750° F. This difference is in accord-
ance with the great difference in initial steepness and in
curvature between the two corresponding pairs of
stress-deviation lines (fig. 31). The lines of pair B in
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figure 33 were obtained with a specimen of the alloy
as received. The only heat treatment given to this
metal (as reported by the manufacturers) was furnace-
cooling from 1,240° F. The great difference in the
slope of the lines of these two pairs, therefore, may be
attributed to an effect of the solution treatment. A
possible effect of this solution treatment is suggested
in section IX.

The values of E; and C, obtained from the stress-
modulus lines of figure 33 have been used in deriving a
diagram to represent the variation of these indices with
beat treatment. This diagram is shown in figure 34.
The curve for E; in this figure shows no evidence of
general upward or downward trend throughout the
entire range of tempering temperature. The curve for
Cyshows no general upward or downward trend through-
out the range of temperature from 70 to 1,450° F;
between 1,450 and 1,750° ' there is evidence of an
upward trend. (The lower experimental point at
1,750° F, for reasons given in connection with fig. 32,
is merely a repetition of the point at 70° F.) These
curves are based entirely on values obtained with the
specimens that had been heat treated by the authors.

At an abscissa representing 1,240° F are plotted the
values of F, and C, obtained with the alloy as received.
These points are far above the corresponding curves.
The value of C, is about 10 times the mean value ob-
tained with the specimens heat treated by the authors.

The high values of E, and C; obtained with the alloy
as received are not due to an unstable condition, re-
movable by plastic extension. Even after plastic ex-
tension to the beginning of local contraction (fig. 38),
the values of E, and C, remain higher than any of the
values obtained with specimens that had been given
the solution treatment (fig. 34). Although this solution
treatment (heating to 1,750° F and cooling in air)
probably caused some change in the distribution of the
precipitated carbides, this change in microstructure was
not enough to have an important effect on the proof
stresses (fig. 32) and probably was not enough to have
important effect on E, and C,. The great effect of the
solution treatment on E, and C, probably may be
attributed to an effect of this treatment on the crystal
orientation. Difference in crystal orientation has
been mentioned previously as a possible cause of differ-
ences in values of By and G, for 18:8 alloy (sec. VI).
The subject is discussed further in section IX.

When for any reason both E, and C; are higher for
one metal than for another, it may be of interest to
know the range of tensile stress within which the one
metal remains superior to the other in effective modulus
(E). This information may be obtained by calculating
the stress at which the effective modulus of elasticity
would be the same for both metals. This stress S, can
be estimated by the use of two simultaneous equations,
of the general form of equation (2). In these two
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equations the values of £ and Sc evidently are the same.
If the ratio of the larger to the smaller values of E,
and G, be represented by m and = respectively, the
value of the stress at which the elastic strain is the
same for the metal in the two conditions is given by

©)

In this equation, C; represents the smaller of the two
values of this index.

The stress (S,) at which the effective modulus would
be the same for the 13 :2 alloy in the two conditions,
may be estimated from equation (9) by using the values
for E, and G, given in figure 34. The value for S, thus
obtained is about 85,000 pounds per square inch.
Throughout a range of stress up to the highest indicated
proof stress value (fig. 34), therefore, the 13:2 alloy as
received is superior (in effective modulus of elasticity)
to the alloy after air-cooling from 1,750° F and temper-
ing at 1,200° F (fig. 32).

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE ~STRESS-

SET CURVE AND ON THE DERIVED PROOF STRESSES FOR 13:2
CHROMIUM-NICKEL STEEL

With the specimens heat-treated by the authors,
only the initial pair of stress-set (and stress-deviation)
curves were determined. A specimen of the alloy as
received, however, was extended by small stages to the
beginning of local contraction; after each of these
stages, correlated stress-deviation and stress-set curves
were determined. The stress-set curves are shown in
the lower row of figure 85. The proof stresses derived
from these curves are plotted as ordinates in figure 36,
with abscissas representing the prior plastic extensions.
As shown in figure 36, all the extensions between deter-
minations of the experimental points were small. The
points, therefore, are not arranged in distinct pairs as
they are in nearly all the previously discussed diagrams
of this type.

After some of the stages of extension, a cycle of
stress between 1,000 and 80,000 pounds per square inch
was introduced before the determination of the next
stress-set curve. This cycle invariably caused the next
stress-set curve to be steeper than the preceding curve
(fig. 35) and thus caused an experimental point follow-
ing such a cycle to be the top of a wide vertical oscilla-
tion, especially in the curves for the 0.001- and 0.003-
percent, proof stresses (fig. 36). From these tops, the
descent generally is abrupt, even when the next experi-
mental point has been obtained with a short prior rest
interval; increase in the duration of this rest interval
tends to increase the extent of the drop. This effect
of duration of the rest interval is illustrated by the

‘results obtained with a relatively long prior rest interval.
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Each of the four stress-set curves obtained with a long
prior rest. interval (fig. 35) is less steep than the curves
immediately preceding and following, and each corre-
sponding experimental point in figure 36 is at the bot-
tom of a wide vertical oscillation.

The basic curves for the 0.01, 0.03, and 0.1 percent
proof stresses evidently rise from the origin, at a de-
creasing rate. The course of the lower two basic
curves cannot be followed with certainty because of the
wide oscillations. The initial trend, however, can be
determined qualitatively by considering the low points
of the oscillations. A comparison of the heights of
points 1 and 5 thus shows that the initial trend is up-
ward. The steep rise and descent in the curve as drawn
between points 1 and 5 probably is due to a steep rise
and descent in the basic curve. The descent of the
curve as drawn between points 3 and 5, however,
probably is hastened by the influence of the long rest
interval prior to the determination of point 5. The
first minimum in the basic curve, therefore, may be at
somewhat more than 1 percent prior plastic extension.

Because of the tempering at 1,240° T, this alloy as
received probably was free from internal stress. Plastic
extension of a metal initially free from internal stress
tends to increase the infernal stress from zero to a
maximum (sec. III) and thus tends to cause the initial
trend of the lower proof-stress-extension curves to be
downward. Whether the actual initial trend is down-
ward or upward, however, depends on the relative
magnitudes of two opposing factors: the depressing
influence of the increasing internal stress and the
elevating influence of the work hardening.

Various mdices have been used to represent the rate
of work hardening. A valuable index is the extension
at the beginning of local contraction (maximum load).
As shown by an arrow in figure 36, however, the exten-
sion of 13:2 alloy E at maximum load is only about 7
percent. According to this index, therefore, the rate of
work-hardening of this alloy is small. And yet the
initial rise of the proof-stress eurves suggests that the
influence of the rate of work-hardening of this alloy
predominated over the influence of increasing internal
stress. It should be noted, however, that the 13:2
alloy contains hard particles in a relatively soft ferritic
matrix. The rate of work-hardening that determines
the initial course of the proof-stress-extension curve for
such an alloy probably is the rate of work-hardening of
the matrix. This rate, for the 13:2 alloy, is much
greater than the rate of work-hardening of the alloy as
a whole, which is represented by indices such as the
extension at maximum load. The rate of work-
hardening of the matrix of the 13:2 alloy evidently is
great enough to predominate, at first, over the de-
pressing influence of increasing internal stress.
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THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE MODULUS
OF ELASTICITY AND ON ITS STRESS COEFFICIENT FOR 13 : 2 CHRO-
MIUM-NICKEL STEEL

After each stage of plastic extension represented in
figure 36, a corrected stress-deviation curve was deter-
mined; these curves are shown in the upper row of
figure 35. From these curves are derived the stress-
modulus lines shown in figure 37. All the stress-
modulus lines are practically straight. The lines vary
greatly in slope and in the indicated value of Hj,
corresponding to the variations in curvature and the
initial slope of the stress-deviation lines in figure 35.
The influence of plastic extension on these variations
is shown in figure 38.

The combined influence of duration of the rest inter-
val and the intermediate cycle, introduced between
some of the stages of plastic extension and the deter-
mination of the next stress-deviation curve, is qualita-
tively the same in the curves for E, and G, (fig. 38).
Three of the points obtained with long prior rest interval
are at the tops of oscillations in both curves; the other
point obtained with long prior rest interval is at the
top of an oscillation in the curve for E; and is near a
top in the curve for C,. These oscillations are opposite
in direction to corresponding oscillations in the proof-
stress-extension curves (fig. 36). In this respect, the
13:2 alloy behaves like all the alloys previously dis-
cussed in this report and in the previous report.

The basic E, curve probably descends continuously
at a decreasing rate. The downward trend evidently
continues at least to an extension of 7 percent, the point
of maximum load. As the contraction beyond this
point localizes very slowly, it was found possible to
extend the curves considerably further. Beyond the
point of maximum-load, however, the superposed
oscillations tend to become erratic.

The curve for the 13:2 alloy differs in form from the
curves for monel metal (figs. 6 and 8) and annealed
Inconel (fig. 18), and is qualitatively similar to the
curves for 18:8 alloy (figs. 27 and 28). The approach
to a horizontal direction, however, is much more rapid
in the curve for the 13:2 alloy than in the curves for
the 18;8 alloys. The reasons for these differences in
the form of the E, curves are given in section X.

The basic (; curve evidently has an initial rise to a
maximum at prior plastic extension of about 1 percent.
Beyond this maximum, the basic curve descends at a
decreasing rate to a nearly constant wvalue. The
course of the basic curve for the 13:2 alloy, therefore,
is qualitatively similar to the course of the G, curve for
annealed monel metal (figs. 6 and 8), annealed Tnconel
(fig. 18), and annealed 18:8 alloy (fig. 27). The reasons
for the courses of these curves are given in section X.

Throughout the entire course of the C, curve for 13:2
alloy (fig. 38) the indicated values of ¢ are about 10
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times the values obtained with the same alloy after
air-cooling from 1,750° F and tempering (fig. 34).

VIII. THE TENSILE ELASTIC PROPERTIES OF COPPER
AS AFFECTED BY PLASTIC DEFORMATION

SOME GENERAL CHARACTERISTICS OF COPPER AND A DESCRIPTION
OF THE COPPER USED IN THIS INVESTIGATION

Because of the important differences that have been
found in the elastic properties of the metals considered
in this report, especially the differences in the curves for
Eo and Gy, it is desirable to include in the investigation
metals differing - widely in composition, in elastic
strength, and in the modulus of elasticity. Only thus
is it possible to study adequately the interrelationship
between the various factors affecting the elastic proper-
ties of metals. The alloys previously considered do not
differ greatly in the modulus of elasticity or in elastic
strength. Much lower values of the modulus of elas-
ticity, however, are found for some commercial alloys,
even for some that may be classed as high-strength
alloys. The modulus of elasticity of copper and of
some of its alloys is little more than half the values
obtained with the metals previously considered. In
strength also copper differs greatly from the metals
previously studied; the tensile strength of fully annealed
copper is little more than one third that of fully annealed
monel metal or 18:8 alloy.

Because information about the elastic properties of

.copper was needed in connection with an investigation

of creep of metals, a short study has been made of the
elastic properties of this metal as affected by plastic
extension. The results of this study, when compared
with the results obtained with the much stronger metals
previously considered, have thrown much light on the
interrelationship of factors affecting the form of the
stress-strain curve and the values of £, and C,. The
results obtained with copper are therefore included in
this report.

The copper used in this investigation is “oxygen
free’” copper. It was supplied in the form of cold-rolled
round rods. A specimen of this copper was tested in the
work-hardened condition. Additional specimens were
annealed at 600° and 800° F, respectively. The lower
temperature is just above the recrystallization range.
Details of the annealing treatment are given in table ITI.

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE STRESS-SET
CURVE AND ON THE DERIVED PROOF STRESSES FOR ANNEALED
COPPER

The two specimens (N-6 and N-8) of fully annealed
copper were extended by short stages to the beginning
of local contraction; after each of these stages, a stress
deviation curve and a stress-set curve were determined.
These curves are shown in figures 39 and 41. Proof
stresses derived from the stress-set curves are plotted
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as ordinates in figures 40 and 42 respectively, with
abscissas representing prior plastic extensions.

The first four stages of extension, as shown in figures
40 and 42, are short; the other stages are alternately
long and short. The stress-set curves thus were deter-
mined in pairs. The first stress-set curve of each pair
was determined after a relatively long rest interval;
the second curve was determined after a short rest
interval. The influence of the extension spacing and of
the duration of the rest interval causes the second stress-
set curve of each pair (figs. 39 and 41) to be steeper than
the first, and thus causes the second experimental point
of each pair in figures 40 and 42 to be higher than the
first. In this respect, copper is similar to all the metals
previously considered in this report.

The form of each basic curve in figures 40 and 42 can
be determined qualitatively by tracing a curve from the
origin approximately through the experimental points
obtained with long prior rest intervals. The general
trend of each basic curve, with the exception of the
curves for the 0.001-percent proof stress, is contin-
uously upward. In figure 42 the basic curve for the
0.001-percent proof stress evidently has an initial rise
to a maximum, followed by a descent to a minimum at
plastic extension between 2 and 5 percent. In figure
40, the initial course of the basic curve-is less certain.
A curve drawn from the origin through points 3, 5, and
7 would first rise, then descend, and again rise, all
within a plastic extension of about 2 percent.
more probable, however, that this basic curve is similar
to the corresponding curve in figure 42. Tach of these
two basic curves probably has an initial rise, followed by
an abrupt descent to a minimum.

The initial trend of the basic curve for the 0.001-
percent proof stress in figure 42, and probably in figure
40, is similar to the initial trend of corresponding curves
obtained with fully annealed 18:8 chromium-nickel
steel (fig. 24) and with 13:2 chromium-nickel that had
been softened by tempering (fig. 36). An initial down-
ward trend, however, is found in the corresponding
(ower) curves for fully annealed monel metal (figs.
2 and 4), fully annealed Inconel (fig. 14), and heat-
treated aluminum-monel metal (fig. 18). All these
metals, because of the thermal treatment, must have
been initially free from internal stress. Tensile exten-
sion of metals initially free from internal stress (sec. I1I),
causes an increase of internal stress from zero to & maxi-
mum and thus tends to cause a descent of the lower
proof-stress-extension curves to a minimum. This
tendency, however, is opposed by the elevating ten-
dency of the temsile work-hardening. When the rate
of work-hardening is sufficiently high, the elevating
influence of work-hardening at first predominates over
the depressing influence of increasing internal stress
and the proof-stress-extension curve has an initial rise.
When the initial rate of work-hardening is not sufficient

It seems
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to overcome the influence of increasing internal stress,
the curve has an initial descent. Even if the influence
of work-hardening predominates at first, the influence
of increasing internal stress eventually predominates
and the curve descends.

A high rate of work-hardening has been mentioned
as the probable cause of the initigl rise of the lower
proof-stress-extension curves for fully annealed 18:8
alloy (fig. 24) and for the 13:2 alloy that had been sof-
tened by tempering (fig. 36). To the same cause may
be attributed the tise of the curve for the 0.001-percent
proof stress for annealed copper (fig. 42 and probably
fig. 40).

An index of the general rate of work-hardening is the
tensile extension at maximum load (beginning of local
contraction). This extension is about 33 percent for
annealed monel metal G—14, 34 percent for annesaled
monel metal G-12, 35 percent for annealed Inconel
1-17.5, 11% percent for heat-treated aluminum-monel
metal J, 70 percent for annealed 18:8 alloy DM-18.3,
14 percent for tempered 13:2 alloy E, and 40 percent
for annealed copper N—6 and N-8. With the exception
of the 13:2 alloy® the extension at maximum load is
greater for the second four than for the first four metals.

The first four of this list of eight metals are metals
whose (lower) proof-stress-extension curves have an
initial descent; the second four are metals whose proof-
stress curves have an initial rise.

The initial rate of work-hardening may be repre-
sented by the ratio between the yield stress after slight
plastic extension and the initial yield stress. Such
indices have been obtained from the curves for the
0.10-percent proof stress by determining the ratio
between the proof stress at an extension of 3 percent
and the initial proof stress. These indices for the eight
metals previously mentioned are:

Monel metal G—14. - i 1. 26
Monel metal G=12- e ccemamaa—- 1. 27
Inconel L—17.5. - o oo 1. 44
Aluminum-monel metal J. e 1. 19
13:2alloy B 1. 43
18:8 alloy DM-18.3 e m—eae e 1. 74
Copper N—6_ oo e ———— e 2.22
Copper N-8_ e 2. 29

The first four in this list give proof-stress-extension
curves with initial descent; the second four give curves
with initial rise. This index places the 13:2 alloy on
the border line between the two groups. An index
representing the matrix of this alloy, however, un-
doubtedly would be much higher, possibly nearly as
high as that for the 18:8 alloy. The indices for the
three single-phase metals in the second group of four
are much higher than the indices for the three single-
phase metals of the first groups of four. The evidence
mnsim for the 13:2 alloy is due to a low rate of hardening of thisalloy

as a whole and does not indicate a low rate for the ferritic matrix. For this
the rato of work-hardening probably is high.
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therefore supports the view that the relationship
between the rate of work-hardening and the rate of
increase of internal stress determines the initial trend
of the (lower) proof-stress-extension curves, when the
initial internal stress is zero or a very low value.

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE STRESS-
SET CURVE AND ON THE DERIVED PROOF STRESSES FOR WORK-
HARDENED COPPER

The stress-deviation and stress-set curves obtained
with work-hardened copper (N) are shown in the dia-
gram at the right of figure 41. The proof stresses
derived from the stress-set curves are plotted in the
diagram at the right of figure 40, in which abscissas
represent prior plastic extensions. The influences of
duration of the rest interval and of the extension
spacing evidently are qualitatively the same for this
metal as for all the other metals considered in this
report.

The lower two proof-stress-extension curves show
wide oscillations. It is uncertain whether the basic
curves, like the curves as drawn, have an initial rise
and descent. If they do, work-bardened copper is
similar (in this respect) to the other unannealed work-
hardened metals considered in this report and in the
preceding report.

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE STRESS-
MODULUS LINES FOR COPPER

From the stress-deviation eurves in the upper rows
of figures 39 and 41 are derived curves of variation
of the modulus of elasticity with stress (fig. 43). The
initial stress-modulus line for annealed copper N-8,
and lines 4 and 8 for annealed copper N-6, are practi-
cally straight; all the other stress-modulus lines are
curved from the origin. Some adjacent stress-modulus
lines in figure 43 differ greatly in curvature and in
initial slope. Lines 1, 4, and 8 for metal N-6 are
nearly straight, whereas the adjacent lines are strongly
curved. Lines 4 and 8 for metal N-8 are vertical at
the origin, whereas the adjacent lines are much less
steep. With prior tensile extension, the stress-modulus
line for annealed copper does not become straight, as
it does for the metals previously considered. The
curvature of some of these lines, especially some lines
near the beginning of each series, is much greater than
the curvature of any stress-modulus lines for the other”
metals ® considered in this report.

The initial stress-modulus lines for metals N-6 and
N-8 give very high values of C,. The initial value of
C, for metal N-8 is the highest value obtained with
the metals considered in this report.

The influence of prior plastic extension on the curva-
ture of the stress-modulus line is shown in figure 47.
In this figure, abscissas represent prior plastic exten-

9 In such a comparison, allowance must he made for the differences in the ordinate
scales of corresponding diagrams.
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sions and ordinates represent values of ”, the index of
curvature of the stress-modulus line. The experi-
mental points in figure 47 are numbered to correspond
to the stress-modulus lines in figure 43. The initial
value of (" (fig. 47) is zero for copper N—6 and is very
small for copper N-8. With slight plastic extension,
C’ rises rapidly to a very high maximum and then
descends rapidly. (The fact that this maximum is
much higher for N-8 than for N-6 may possibly be
attributed to the somewhat softer condition of N-§
because of the higher annealing temperature.) This
rise and descent is followed by two smaller abrupt rises
and descents and then by a slow downward trend, at
gradually decreasing rate and with gradually decreasing
oscillation. These curves for annealed copper are
similar in general form to the previously discussed
curves of the same type obtained with other metals
(fig. 46). All these curves have an initial rise followed
by less rapid descent. The initial rise and descent are
abrupt for all these metals, except in the curve for the
annealed 18 : 8 alloy 2A—1, derived from data presented
in reference 1. In one important respect, however, the
curves for annealed copper (fig. 47) differ from the
curves for the other metals (fig. 46). The quadratic
stress coefficient of the modulus does not become zero,
at least within the range of tensile extension. Even
after more severe cold-working, as illustrated by the
curved stress-modulus lines for cold-rolled copper
N (fig. 43), ¢ has not decreased to zero.

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE MODULUS
OF ELASTICITY AND ON ITS STRESS COEFFICIENT FOR COPPER

The values of E, and C, derived from the stress-
modulus curves in figure 43 are plotted as ordinates in
figures 44 and 45, with abscissas representing the

- prior plastic extensions.

The abrupt rises or descents at pairs of experimental
points, with few exceptions, are qualitatively the same .
in the curves for E; and C,. In both ecurves, moreover,
these abrupt rises or descents are generally opposite
in direction to the abrupt rises or descents in the proof-
stress-extension curves (figs. 40 and 42). Copper is
similar in this respect to all the other metals considered
in this report.

The basic E, curve (figs. 44 and 45) first descends
rapidly at a decreasing rate and reaches a minimum
at a slight plastic extension. With further extension,
the curve rises at first raipidly and then at decreasing
rate throughout the whole range of tensile extension.
At the beginning of local contraction, the modulus of
elasticity has risen almost to the initial value. As
shown in the diagram for unannealed, cold-rolled copper
at the right of figure 44, the E; curve continues to rise
slightly with tensile extension. The E, curve for cop-
per, therefore, differs greatly from the curve obtained
with any other metal considered in this report. As
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the E, curves in figures 44 and 45 are similar in form,
and as these two curves were obtained with specimens
that had been annealed at two different temperatures,
the form of the modulus-extension curve for annealed
copper is well established.

These curves for copper are the only modulus-exten-
sion curves (in this report) that give unmistakable
evidence of a reascent. The curves for annealed
monel metal G-12 (fig. 8) and annealed Inconel (fig. 16)
apparently have a slight reascent. The curve for
annealed 18:8 alloy (fig. 27) after an initial rise descends
continuously at a decreasing rate. The course of the
E, curve for annealed copper must be due to the in-
fluence of two or more variables. The reascent of the
curve, as shown in sections IX and X, is probably due
to a change of crystal orientation.

The basic G, curve for annealed copper N—6 and N-8
(figs. 44 and 45) descends rapidly from the origin, at a
decreasing rate, and reaches a minimum at a prior
extension of a few percent. With further plastic
extension, the curve evidently rises at a gradually
decreasing rate and eventually becomes practically
horizontal. The basic G, curve is qualitatively similar
to the basic E, curve. The C, curve for copper differs
greatly from the Cy curves for annealed monel metal
(figs. 6 and 8), annealed Inconel (fig. 16), aluminum-
monel metal (fig. 19), annealed 18:8 alloy (fig. 27), and
18:2 chromium-nickel steel (fig. 34). The differences
in form of the E, and G, curves for different metals
are due to the combined influence of three variables,
which are discussed in section X.

The variation of ¢ with plastic extension of unan-
pealed, cold-rolled copper N is shown in the small
diagram at the right of figure 47. The course of this
curve, when compared with the course of the ¢’ curves
for annealed copper, indicates that C” eventually tends
to decrease with increase in the degree of cold-work
but probably does not disappear as it: does with initially
harder metals. With a harder metal, such as annealed
monel metal, annealed Inconel, or annealed 18:8 alloy,
as shown in figure 46, (" disappears after moderate
tensile extension. With a still harder metal, such as
the tempered 13:2 chromium-nickel steel E, even the
initial stress-modulus line is straight (fig. 37).

IX. CRYSTAL ORIENTATION AND ITS INFLUENCE ON
ELASTIC PROPERTIES

THE DIRECTIONAL VARIATION OF THE MODULUS OF ELASTICITY
OF SINGLE CRYSTALS

The great differences in form of the modulus-exten-
sion curves for single-phase face-centered cubic metals
(figs. 6, 8, 16, 27, 44, and 45) indicate that during plastic
extension the modulus is influenced by two or iore
variables. One of these variables is crystal orientation.
Plastic deformation tends to change the orientation of
the grains from a random to a preferred orientation.

-in the direction of the octahedral axis (O).
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Because of directional variation of the modulus of elas-
ticity of & métal crystal, the change to a preferred orien-
tation may greatly affect the mean modulus of eclas-
ticity of a polycrystalline aggregate.

In the study of the directional variation of the modu-
lus of elasticity of metal crystals, attention will be con-
fined to the two types of space lattice represented by
the metals considered in this report. These are face-
centered and body-centered cubic lattices. The direc-
tional variation of the modulus in these-lattices is
illustrated by the diagrams in figures 49 to 52, which
are adaptations of diagrams in reference 2. These
diagrams are drawn with spherical coordinates having
their origins at the intersection of the three mutually
perpendicular axes of symmetry. The surface shown in
each figure is the locus of all points representing (by
distance and direction from the origin) values of the
modulus of elasticity. The axes represented in each
figure are the cubic axes of crystal symmetry.

In the discussion of crystal orientation, use will be
made of the Miller indices of crystal planes and direc-
tions. A crystal plane is thus represented by the recip-
rocals of the ratios of the intercepts of the three princi-
palaxes. A cubic plane is thus represented by (100), an
octahedral plane by (111), and a dodecahedral plane by
(110). A crystal direction is designated by the plane
to which the direction is normal. In order to distin-
guish a direction from a plane, use is made of a form of
bracket symbol. Thus, a direction making equal
angles with all three principal axes is denoted by [111],
the direction of a cubic axes of symmetry by [100], and
the dodecahedral direction by [110]. In figures 49 to
52, however, the principle crystal directions are denoted
by letters, the significance of which is indicated in the
legend of figure 49.

A typical diagram of variation of the tensile modulus
of elasticity (E) of a face-centered cubic metal is the
diagram for gold (fig. 49). The modulus for this metal
is least in the direction of the cubic axis (C) and greatest
The ratio
between these maximum and minimum values for gold,
as given in reference 2, is 2.71. For copper and silver
(see reference 2), the ratios are 2.85 and 2.55, respec-
tively. Diagrams for copper and silver, therefore,
would be similar to the diagram for gold (fig. 49). The
diagram for aluminum (fig. 50), however, is very differ-
ent in form. As indicated by this nearly spherical
diagram, the ratio of values of the modulus in the octa~
hedral (O) and the cubic (C) directions is not far from
1.0. The value given in reference 2 is 1.2. The dia-
gram for aluminum probably is exceptional among the
diagrams for pure metals with face-centered cubic
lattices.

A diagram for a body-centered cubic metal, alpha
iron, is shown in figure 51. This diagram is similar
in form to the diagram for gold (fig. 49). The ratio
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of values of the modulus of elasticity in the octahedral
(O) and cubic (C) directions is given in reference (2)
as 2.15. For tungsten; another body-centered cubic
metal, the corresponding ratio is given as 1.0. A dia-
gram for tungsten, like the diagram for aluminum
(fig. 50), evidently is nearly a sphere.

The directional variation of the shearing modulus
(@), as illustrated by the diagram for alpha iron in
figure 52, is evidently opposite to the variation of the’
tensile modulus. The maximum value of the shearing
modulus is in the direction of the cubic axis, which is
the direction of minimum value of the tensile modulus.
The minimum value of the shearing modulus is in the
direction of the octahedral axis, which is the direction
of maximum value of the tensile modulus. The ratios
of the maximum to the minimum values of the shearing
modulus for alpha iron, gold, copper, and silver are
1.93, 2.28, 2.48, and 2.26, respectively. These ratios
are slightly less than the corresponding ratios for the
tensile modulus. For aluminum and tungsten, which
give nearly spherical diagrams of directional variation
of the tensile modulus, the ratio of maximum to mini-
mum values of the shearing modulus is small, 1.16 for
aluminum and 1.0 for tungsten. Shearing-modulus
diagrams for these metals evidently would be nearly
spherical.

When the directional variation of the modulus of
elasticity is as great as it is for copper or alpha iron,
the orientation of the crystals may have great effect
on the modulus of elasticity of a polycrystalline aggre-
gate. Change from random to preferred orientation
may greatly affect the mean value of the modulus of
clasticity. Consideration, therefore, must be given to
the influence of plastic deformation on the orientation
of grains in a polycrystalline aggregate.

CYLINDRICAL AND PARALLELEPIPEDAL DEFORMATION

In the study of the influence of plastic deformation
on crystal orientation, it is convenient to consider two
types of uniform deformation. One of these types is
cylindrical deformation; the other is parrallelepipedal
deformation.

Cylindrical deformation causes equal percentage
changes in two_dimensions and a necessarily opposite
change in the third dimension. In cylindrical deforma-
tion, therefore, the ratio between two of the dimensions
remains unchanged, although the external form is not
necessarily cylindrical. Cylindrical deformation may
be produced by tensile extension, by drawing, by rolling
of rod or wire, or by axial compression of a cylinder.

Parallelepipedal deformation is illustrated by the
deformation of a cube into a rectangular parallelopiped,
whose three principal dimensions are unequal. The
unidirectional rolling of plate or sheet is the most com-
mon example of this type of deformation. Although
the width of the sheet remains practically unchanged
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by rolling, the ratios of the three dimensions change
greatly. Another example of parallelepipedal deforma-
tion is the deformation of single crystals under uni-
directional loading. Such deformation is by slip on
crystallographic planes. Slip generally starts on only
one series of planes and in one direction on each plane.
This slip causes change of direction of the plane with
reference to the direction of loading and change of an
initially circular to an elliptical cross section. Deforma-
tion of single crystals by unidirectional loading, there-
fore, is parallelepipedal. Single crystals, however, can
be subjected to cylindrical deformation. The orienta-
tion thus produced generally differs from the orientation
produced by unidirectional loading.

THE INFLUENCE OF PLASTIC DEFORMATION ON CRYSTAL ORIEN-
TATION OF FACE-CENTERED CUBIC METALS

Tensile extension of specimens cut from single crystals
of aluminum, as shown by Taylor and Elam (reference
3), causes a [112] direction of the crystal to approach
and finally to reach the direction of tensile loading.
(The [112] direction is indicated approximately by
letters B in fig. 49.) These results have been confirmed
by investigations by others.

Cylindrical extension of single crystals of face-cen~
tered cubic metals, however, causes a different kind of
crystal orientation, as has been shown by a recent
investigation by Vacher (veference 4). Cylindrical
specimens of copper, some consisting of single crystals
and some oftwo crystals, were swaged cold to various
degrees of reduction, ranging from 30 to 95 percent.
If the octahedral axis initially made the smaller angle
with the axis of the specimen, the crystal approached
the octahedral [111] orientation; otherwise, it
approached the cubic [100] orientation. The orien-
tation caused by cylindrical extension of single crystals,
therefore, differs greatly from the orientation caused
by unidirectional tension.

The cause of this difference is the lateral restraint
pecessary for cylindrical extension of single crystals.
If either an octahedral axis or a cubic axis is in the
direction of extension, either three or four planes of
slip and either six or eight directions of slip, respec-
tively, are symmetrically placed with reference to the
direction of extension, and the resolved shearing stresses
in these symmetrically placed directions are equal. If
this alinement could be maintained during tensile
extension, the extension would be by cylindrical
deformation and not by the usual parallelepipedal
deformation of single crystals by tensile extension.
This alinement, however, is metastable for tensile
extension; a small deviation from alinement would
cause still further deviation. A small lateral restraint,
however, would preserve the alinement and thus keep
either the cubic axis or the octahedral axis in the direc-
tion of the specimen axis. When neither the octahedral
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axis nor the cubic axis is initially in the direction of
the specimen axis, extension with lateral restraint
(as by swaging) evidently causes approach to either
octahedral or cubic orientation.

In a polycrystalline aggregate under cylindrical
deformation, each crystal is under lateral restraint by
adjacent crystals and thus undergoes cylindrical
rather than parallelepipedal deformation. - Cylindrical
extension of a polycrystalline aggregate of a face-
centered cubic metal, therefore, might be expected to
cause some of the crystals to assume the cubic orienta-
tion and others to assume the octahedral orientation.
Such a duplex orientation of polycrystalline aggregates
was found long before the recent investigation of
cylindrical extension of single crystals. It was shown
by Ettisch, Polanyi, and Weissenberg (references 5
and 6) that hard-drawn wires of face-centered cubic
metals have both cubic and octahedral orientations
(double-fiber texture). Sachs and Schiebold (reference
7), however, found that aluminum has almost entirely
the octahedral orientation. This conclusion was con-
firmed by Schmid and Wassermann (reference 8), who
also showed that the orientation textures of face-cen-
tered cubic metals are qualitatively similar but that
they differ considerably in the proportions of [111]
and [100] orientations. They. found the following

proportions:
Percentages
[100]  [111]
AlUMINUM - e e 0 100
COPPer e o oo e mmmmm e 40 60
Golde o o e 50 50
SIIVer. e e —————— 75 25

Schmid and Wassermann also found that the amount
of preferred orientation in wire is small in the outer
layer but increases toward the center. In the outer
layers, moreover, the preferred crystal axes are not
exactly in the direction ef the wire axis but make a
small angle, so that the orientation is conical rather
than longitudinal. This angle, however, decreases
toward the center and, at a certain depth, the orienta-
tion becomes longitudinal. Vargha and Wassermann
(reference 9) found that the orientation texture is the
same in the interior of both drawn and rolled wires
and that the same duplex orientation is produced by
tensile extension.

Cold-drawn wires of nickel were found by Greenwood
(veference 10) to have a double-fiber texture, consisting
of [100] and [111] orientations with the [111] orientation
predominating. As binary alloys of nickel and copper
form a continuous series of solid solutions, all these
alloys in the form of rod or wire would be expected
to have qualitatively similar texture. Cold-drawn rods
of monel metal, essentially a nickel-copper alloy, are
said (reference 11) to have a double-fiber texture, with
the [111] orientation greatly predominating.
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Compression of single ecrystals of aluminum was
investigated by Taylor (veference 12). The results
were reported to indicate a preferred orientation with a
dodecahedral [110] direction parallel to the direction
of compression. Investigation by others has led to a
similar conclusion as to the preferred orientation after
cylindrical compression of either single crystals or
polycrystalline aggregates. Recent papers by Barrett
and Levenson (reference 13) and by Barrett (reference
14), however, have led these authors to somewhat
different conclusions. They report that the deformation
texture of axially compressed cylinders, either of single
crystals or polycrystalline aggregates, does not, consist
of a single preferred orientation. They find a rather
wide range of orientations of which the mean orienta-~
tion is [110]. Single crystals and grains of a poly-
crystalline aggregate assume a range of orientations,
with fragmentation of crystals probably starting at the
beginning of deformation and increasing with the defor-
mation. No grains or fragments were found with [111]
orientation and very few with [100] orientation. The
orientation generally ranged from [110] to about [113].
The preferred orientation is viewed in references 13
and 14 as a dynamic equilibrium between opposing
tendencies, a tendency to approach [110] orientation
and a tendency toward random orientation.

Rolling of plate or sheet produces parallelepipedal
deformation with one dimension practically unchanged,
one dimension greatly reduced, and one dimension
greatly increased. Several investigators (references 15,
16, and 17) have suggested that the preferred orienta-
tion thus produced in the direction of the reduced
dimension is the same as the orientation produced by
unidirectional compression and that the orientation in
the direction of extension (direction of rolling) is the
same as the orientation produced by unidirectional
tension. Contradictory results, however, have been
reported in investigations of the orientation of rolled
plate or sheet. Many of these apparent contradictions,
however, probably are due to nonuniform deformation
throughout the cross section. There is now general
agreement as to the preferred orientation of plate or
sheet that has been carefully rolled in one direction.

The preferred orientation of rolled plate or sheet, of
polycrystalline face-centered cubic metals, consists ap-
proximately of a [112] orientation in the direction of
rolling and a dodecahedral [110] orientation in the
direction of decrease of thickness. The preferred orien-
tation in the direction of rolling evidently is the same
as that of a single crystal extended by unidirectional
tension. The orientation in the direction of decrease
of thickness evidently is the same as that of either a
single crystal or a polycrystalline aggregate in the
direction of unidirectional compression.

Few investigations have been made of the orientation
produced by rolling single ecrystals. Pickus and
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Mathewson (references 18 and 19) have recently studied
the effect of compressing single crystals by means of a
device used by Wever and Schmid (references 16 and
17). ‘This device is a mold in which the metal is so
compressed that the deformation is similar fo that
caused by rolling. As the thickness decreases, the
width is kept unchanged, and extension is in only one
direction. Results of investigation by Pickus and
Mathewson with alpha brass, a face-centered cubic
alloy, led them to the conclusion that a [112] direction
tends to rotate into the direction of extension and a
[110] direction into the direction of compression. These
results indicate that the orientation produced by de-
formation of the rolling type is the same for single
crystals as for polycrystalline aggregates. This orien-
tation is different from the orientation produced by
cylindrical deformation. .

THE INFLUENCE OF PLASTIC DEFORMATION ON THE CRYSTAL
ORIENTATION OF BODY-CENTERED CUBIC METALS

The most common body-centered cubic metals are
alpha iron, chromium, molybdenum, and tungsten.
Carbon steels are body-centered cubic unless the com-
position and heat treatment are such as to produce
austenite (gamma iron), a face-centered cubic metal.
A body-centered cubic metal alloyed with iron tends to
produce a body-centered cubic alloy; a face-centered
cubic metal (such as nickel or manganese), if alloyed in
sufficient percentage, may cause the alloy to be face-
centered cubic. The space lattice of steels containing
iron, carbon, chromium, and nickel therefore depends
on the proportions of these elements. If the ratio of
nickel to chromium is sufficiently high, as in the 18: 8
chromium-nickel steel, the alloy is face-centered cubic.
Otherwise, as in the 13:2 chromium-nickel steel, the
alloy (after ordinary heat treatment) is body-centered
cubic.

As shown by Ettisch, Polanyi, and Weissenberg
(reference 5) and confirmed by a number of other
investigators (reference 20), cold-drawn iron gives pre-
ferred [110] orientation in the axial direction. A recent
investigation by Barrett and Levenson (reference 21)
leads to the same conclusion. Dodecahedral [110] ori-
entation with no trace of other textures was found after
severe plastic extension by drawing, or by swaging
followed by drawing. This orientation was found with
iron, iron-silicon alloys, and iron-venadium alloy and
was found with both single crystals and polyerystalline
agegregates. The single crystals generally became frag-
mented whether or not constraint was imposed (by
adjacent crystals or by the die walls).

Unidirectional compression of cylinders of alpha
iron has been investigated by Barrett (reference 22).
Some cylinders were cut from single crystals; others
were cut from polycrystalline aggregates. The orienta-
tion produced by compression of the single crystals was
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found to depend on the initial orientation. If either a
[100] direction or a [111] direction initially made a
small angle (less than about 17°) with the axis of the
specimen, the crystal orientation changed so as to
decrease the angle and finally brought that crystal
direction into alinement with the axis of the cylinder.
If neither the [100] nor the [111] direction initially made
a small angle with the axis of the cylinder, the crystal
formed differently oriented portions, [100] and [111]
orientations, and thus ceased to be a single crystal.
Polycrystalline aggregates of iron, when compressed in
the form of cylinders, were found to have duplex texture .
consisting of both [100] and [111] orientations.

Cylindrical compression of body-centered cubic metals
evidently causes qualitatively the same preferred
orientation that is caused by cylindrical extension of
face-centered cubic metals. Cylindrical extension of
body-centered cubic metals causes the same orientation
[110] that is caused approximately by cylindrical com-
pression of face-centered cubic metals.

Somewhat different orientation of body-centered
cubic metals is caused by parallelepipedal deformation.
Many investigations have been made of the preferred
orientation in cold-rolled iron and steel plate or sheet.
Contradictory results have been reported. A few
investigators have reported two, or even three, super-
posed textures. Kurdjenow and Sachs (reference 23)
found evidence of both [100] and [111] directions normal
to the plate or sheet. Most investigators, however,
now generally agree that the texture consists chiefly
of a dodecahedral [110] direction in the direction of
rolling and a cubic [100] direction normal to the plate
or sheet. There is & considerable range of angular
deviation, however, about each of these directions.
The range of deviation tends to decrease with decrease
in the thickness by rolling (references 24 and 25).
Thin cold-rolled plate or sheet thus has a [110] direction
in the direction of rolling and another [110] direction
parallel to the width of the sheet. These [110] directions
are the directions of greatest (relative) extension.

The orientation in the direction of rolling, conse-
quently, is the same as the orientation in the direction
of the axis of a cold-drawn or rolled rod or wire or of a
specimen extended by unidirectional tension. In a
direction normal to the plane of the sheet, however, the
orientation is not the same as the previously discussed
duplex orientation in the direction of axial compression
of an iron cylinder (reference 22).

Preferred orientation may be found not only in cold-
worked metal but also in hot-worked metal. Gensamer
and Vukmanic (reference 20) have investigated the
orientation of iron sheet that had been rolled at 780° C.
and 910°C. The texture was found to be qualitatively
similar to that of cold-rolled sheet. In the sheet rolled
at 910° C., however, the texture was less distinct than in
the sheet rolled at 780° C.
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THE EFFECT OF ANNEALING ON CRYSTAL ORIENTATION

At one or more stages in severe cold-working, the
metal sometimes must be annealed so as to permit the
desired additional cold work. It is therefore important
to know the effect of such annealing,on preferred
orientation. Consideration must also be given to the
possibility of changes of ortentation due to annealing for
relief of internal stress.

In the consideration of the effect of annealing on
preferred orientation, attention will be first given to
face-centered cubic metals. It has been shown that
cylindrical extension of polyerystalline face-centered
cubic metals generally causes a duplex texture,
with both [100] and [111] directions in the direc-
tion of extension. Annealing such a metal tends
to cause a decrease in the number of crystals with [111]
orientation and an increase in the number of crystals
with [100] orientation. Farnham and O’Neill (ref-
erence 26) obtained such a result by annealing hard-
drawn copper wires. HEven after annealing at a tem-
perature too low to cause recrystallization, 130° C
(266° F), they found appreciable change in the pro-
portion of the [100] and [111] orientations. After
annealing at 280° C (536° F), & temperature that
caused complete reerystallization, the orientation was
found to be almost entirely cubic. Similar results
have been obtained by other investigators with other
face-centered cubic metals.

Annealing aluminum after plastic extension, accord-
ing to reference 8, caused no new preferred orientation.
Annesling at temperatures above 500° C, however,
was said to give a random orientation. Burgers and
Louwerse (reference 27) found that, when single crystals
of aluminum are deformed by compression and then
recrystallized (at 600° C), new grains appear with
orientations different from those of the parent crystal.
Polyerystalline aluminum, after axial compression, was
reported to have a [110] orientation and to retain this
orientation after recrystallization. A different con-
clusion, however, was recently reached by Barrett
(reference 14). He found that the deformation and
recrystallization textures of axially compressed high-
purity aluminum are of the same type. Practically the
same results were obtained whether the compressed
cylinders were single crystals or polycrystalline ag-
gregated. The texture obtained, as previously stated,
consists of a range of orientation with mean orientation
approximately {110].

Collins and Mathewson (reference 28) state that no
simple relation was found that would rationalize the
relation of the orientation of a recrystallized aluminum
grain to that of the original crystal.

Cold-rolled sheet of face-centered cubic metals, as
previously stated, generally has a [112] direction in
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the direction of rolling and a dodecahedral [110]
direction normal to the surface. Recrystallization
tends to cause a new orientation with cubic axes in the
direction of rolling, in the direction of the normal to
the surface, and in the direction of the width of the
sheet. Such results have been obtained by Géler and
Sachs (references 29, 30, and 31), with copper, silver
and gold. They also found that the tendency to re-
orientation on annealing differs greatly for different
face-centered cubic metals. With recrystallized silver,
alpha brass, and alpha bronze, they found a [112]
direction in the direction of rolling and a [113] plane in
the plane of rolling. Reerystallization therefore caused
no change in the longitudinal orientation but caused
approach to [100] orientation in the direction of the
normal to the surface. The tendency to reorientation
on annealing evidently is much less for these metals
than for copper, nickel, gold and probably for other
face-centered cubic metals. With aluminum sheet,
Goler and Sachs (reference 32) found no new preferred °
orientation after annealing.

The same authors (reference 30) also point out that
the effect of annealing on crystal orientation is sensitive
to impurities and to shght variations in treatment.
Two specimens of copper with practically the same
rolling texture had very different textures after appar-
ently the same annealing treatment. One specimen
had rapndom orientation, the other had a new preferred
orientation. Farnham and O’Neill (reference 26) also
found that impurities in copper may greatly affect the
tendency to change from a deformation texture to a
recrystallization texture. .

The recrystallization texture of body-centered metals
has been studied almost entirely with sheet material.
The texture of body-centered polycrystalline metals
after rolling in sheet form consists, as previously stated,
of a [110] direction in the direction of rolling and in
the direction of the width of the sheet, and a [100]
direction normal to the surface. The recrystallization
texture of iron has been studied by Barrett (reference
24), by Gensamer and Lustman (reference 33), and by
others. They found that recrystallization causes rota-
tion of the rolling texture about 15° to 17° each way
about the normal to the surface of the sheet. (Such
rotation may be visualized with the help of the diagram
in fig. 51.)

Cold-rolled or drawn rod or wire of body-centered
cubic metals has been shown, as previously stated, to
have a [110] direction in the direction of the axis of the
rod or wire and generally a random radial orientation.
Tt seems probable that recrystallization of a rod or a
wire would cause rotation of the deformation texture,
just as it causes rotation of the texture of a plate or
sheet.
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THE DIRECTIONAL VARIATION OF THE ELASTIC STRENGTH OF A
SINGLE CRYSTAL

It is important to know the influence of crystal
orientation not only on the modulus of elasticity and
on its stress coefficient but also on elastic strength. It
can be shown that crystal orientation has qualitatively
similar effects on elastic strength and on the modulus of
elasticity. The directional variation of the elastic limit
in a face-centered cubic crystal has been calculated by
E. Schmid (reference 34) on the basis of his observation
that the critical shear stress (stress necessary to cause
slip, resolved in the direction of slip), is constant and
independent of the normal stress on the plane of slip.
The results of his calculations are represented by the
diagram in figure 53. The elastic limit evidently is
greatest in an octahedral direction, the direction in
which the modulus of elasticity is greatest. The ratios
of values of the elastic limit in the cubic, the dodeca-
hedral, and the octahedral directions are 1:1: 1.5. The
directional variation of the elastic limit, therefore, is
less than the directional variation of the modulus of
elasticity for metals such as those represented in the
diagrams of figures 49 and 51.

With 100 percent preferred orientation, a bar or
sheet would become practically a single crystal, and
its elastic limit in any direction would be very low.
For practical purposes, grains with preferred orientation
should be intermingled with grains having random
orientation.

THE INFLUENCE OF CRYSTAL ORIENTATION ON THE FORM OF THE
MODULUS-EXTENSION CURVE

The great directional variation of the modulus of
elasticity of most metals (figs. 49 and 51) suggests that
change of crystal orientation may have considerable
effect on the variation of the modulus with plastic
extension. The effect of change from random to
preferred orientation evidently would depend on the
type of preferred orientation. If the preferred ori-
entation is of the duplex type, the variation of the
modulus of elasticity with prior plastic extension would
depend on the relative numbers of grains approaching
the [111] and [100] orientations. Increase in the pro-
portion of grains with'[111] orientation would tend to
cause increase in the modulus of elasticity; increase
in the proportion of grains with [100] orientation would
tend to cause decrease in the modulus of elasticity.

Of the metals considered in this report, copper and
monel metal tend to form a duplex texture with pre-
dominance of [111] orientation. As Inconel is an alloy
containing more than 80 percent of nickel and as nickel
tends to form a preferred orientation with predominance
of the [111] orientation, Inconel probably tends toward
predominance of the [111] orientation. No information
has as yet been found about the preferred orientation
of the 18:8 alloy. The 13:2 alloy, because of its
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ferritic matrix, probably tends to form s [110] orienta~
tion. Change of orientation of monel metal, copper,
Inconel, and 13:2 alloy from random to preferred,
therefore, probably would tend to cause increase of the
modulus of elasticity. Change from a recrystalliza-
tion texture, with further plastic extension, probably
would have a similar effect. The effect of change of
orientation during plastic extension, however, is only
one factor affecting the form of the modulus-extension
curve. The form of this curve depends on the inter-
relationship of three important variables, which will
now be considered. ’

X. THE STRESS-STRAIN CURVE AS AFFECTED BY
PRIOR PLASTIC EXTENSION AND BY ASSOCIATED
VARIABLES

THE FORM OF THE STRESS-DEVIATION CURVE FOR ANNEALED OR
TEMPERED METALS

As a basis for study of the influence of prior plastic
extension on the form of the streSs-strain (or stress-
deviation) curve, attention should first be given to the
form of the stress-deviation curve for a fully annealed
metal or for a metal that has been heat treated so as to
be free from the influence of cold-work and internal
stress. The form of the stress-deviation curve may be
deduced from the form and the slope of the stress-
modulus line. When the stress-modulus line is straight,
the corresponding stress-deviation curve is a quadratic
parabola. When the stress-modulus line is curved, the
stress-deviation curve may be approximated either by
superposition of a cubic parabola on a quadratic parab-
ola or by o single parabola whose exponent is between
2 and 3.

In table IV are listed the forms of stress-deviation
curves and the derived indices of curvature for various
metals that have been either fully annealed or tempered.
One of these metals, 13:2 chromium-nickel steel E,
consists of ferrite and carbides; the others are single-
phase metals. The forms of the stress-deviation curves
and the derived indices are listed for both first and
second loading. Attention will be given first to the
initial curves for single-phase metals.

The initial stress-deviation curves for two of the
single-phase metals listed in table IV, monel metal
G—-12 and 18:8 alloy DM-18.3, are cubic parabolas.
The curve for monel metal G-14 is nearer to a cubic
than to a quadratic parabola. The curve for copper
N-6 is a quadratic parabola, and the curve for copper
N-8 is nearly a quadratic parabola. The curve for the
annealed -18:8 alloy 2A~1, discussed in reference 1, is
intermediate between a quadratic and a cubic parabola.
The stress-strain curve obtained with Inconel is straight.
As stated in section IV, however, this curve is based
on too few experimental points to give conclusive evi-
dence as to the typical form of the stress-deviation
curve for annealed Inconel. If the nearly vertical
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stress-modulus line (C,=0) for this metal actually is
slightly curved, as appears probable, the stress-devia-
tion curveis a cubic parabola.

On second loading, the stress-deviation curves for
monel metal G-14 and Inconel L-17.5 are cubic parab-
olas, thus giving confirmatory evidence as to the
tendency of the curves for annealed monel metal and
Inconel to be approximately cubic parabolas. The
second-loading curves for the 18:8 alloys and for copper
are intermediate between a quadratic and a cubic
parabola.

The curves for the 13:2 alloy, both on first and second
loading, are quadratic parabolas (fig. 35). They thus
resemble the curves obtained with cold-worked single-
phase alloys, such as monel metal, Inconel, and 18:8
alloy (figs. 9, 13, and 22). The strengthening of the
ferrite matrix of the 13:2 alloy by carbides, like the
strengthening of & metal by cold-work, evidently tends
to make the stress-deviation curve a quadratic parabola.

With prior plastic extension of the annealed single-
phase metals discussed in this report, with the exception
of copper, O, first increases. This fact is illustrated by
the initial rise of the curves for C, in figures 6, 8, 16,
and 27. Within the range of extension that causes this
increase of C,, (' rises rapidly and then descends, as
illustrated by the curves in figure 46. The relationship
between ¢’ and C,, however, varies as illustrated by the
curves in figure 48. As ()} increases with plastic exten-
sion, ¢’ first increases and then decreases. In this
respect, all these curves in figure 48 are similar. They
are also similar in form to the curves in figure 46.

The ratio of ¢” to (o, which is indicated by the ratio
of ordinate to abscissa in figure 48, evidently tends to
decrease with increase of C, and hence with increase in
prior plastic extension. This decrease of ¢’/ is an
indication of decrease in the order of the parabola.
Point 1 in the curve for 18:8 alloy DM-18.3 thus indi-
cates that the corresponding stress-deviation curveis a
cubic parabola. Point 14 indicates that the corre-
sponding curve is'a quadratic parabola. The inter-
mediate points indicate various orders intermediate
between a quadratic and a cubic parabola.

While the order of the parabola tends to decrease
(probably continuously) until the curve becomes a
quadratic parabola, the curvature evidently first
increases and then decreases.

FACTORS AFFECTING THE VARIATION OF E; AND Cp WITH PLASTIC
EXTENSION OF COPPER

The form of the basic E; curve for copper (figs. 44
and 45) indicates that the variation of the modulus
with plastic extension is influenced by at least two factors
acting simultaneously. At ledst one factor evidently
tends to cause descent of the curve at a decreasing rate;
at least one factor tends to cause ascent at a decreasing
rate. At first, the depressing influence is dominant
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and the curve descends; the elevating influence then
becomes dominant and the curve rises. The reascent
of the curve for copper may be attributed to the change
of crystal orientation with plastic extension. Approach
to the preferred orientation with plastic extension of a
copper rod, as shown in section IX, tends to cause
increase of the tensile modulus of elasticity. The
factor tending to cause descent of the modulus-exten-
sion curve will be considered later.

Curves of variation of the modulus of elasticity with
extension have been reported by other investigators.
Kuntze (reference 35), in an investigation of the elastic
properties of copper, obtained curves qualitatively
similar to the E, curves in figures 44 and. 45.° Te
attributed the initial descent of the curve for annealed
copper to increasing internal stress and the subsequent
ascent of the curve to the influence of “pure plastic
deformation” (deformation free from the influence of
varying interval stress). These conclusions, as will be
shown, are incorrect. The effects of internal stress and
pure plastic extension are opposite to those surmised
by Kuntze. Furthermore, the course of the Ey curve
is affected by an additional important factor, the change
of crystal orientation.

Curves qualitatively similar to the curves in figures
44 and 45 have also been obtained by Kawai (reference
36) with copper, nickel, and aluminum. With Armco
iron and mild steel, however, he obtained curves that
descend continuously at a decreasing rate. A similar
effect of the plastic extension of steels was reported by
Honda and Yamada (reference 37). The modulus
values obtained by Kawai, however, are not values of
E; but are based on a range between variable maximum
and minimum values of stress and strain. No study
was made of the form of the stress-strain curve.

The initial descent of the curves for copper, nickel,
and aluminum as well as the continuous descent of the
curves for steels were attributed by Kawai to increas-
ing internal stress. He thus expressed agreement with
the views of Heyn (reference 38), Sachs (veference 39),
and Honda and Yamada (reference 37),! that intro-
duction of internal stress decreases the modulus of
elasticity. His views evidently are also in agreement
with the previously mentioned incorrect views of
Kuntze (reference 35). The ascent of the curves for
copper, nickel, and aluminum was attributed by Kawai
to change of crystal orientation. According to his
views, therefore, the course of the modulus-extension
curve is due to the combined influence of two factors,
increasing internal stress and change of crystal orienta-
tion. He thus overlooked one of the three important
factors affecting the course of the modulus-extension
curve. The factor overlooked by Kawai, however, is

10 As the curves plotted by Kuntze represent the variations of the ‘“Dehnungs.
zahl,” the reciprocal of Young’s modulus of elasticity, these curves are inverted with
reference to the Fo curves in figs. 44 and 45.

11 Agreement with these views of Kawali is not apparent in reference 37,
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different from the previously mentioned factor over-
looked by Kuntze (reference 35).

Kawai classified the stress-modulus curves for body-
centered and face-centered cubic metals in two distinct
types, the one having a descent followed by a rise, the
other having a continuous descent. In order to explain
these two types, the assumption was made that ap-
proach to preferred orientation tends to cause less
increase of thé modulus when the lattice is body-
centered than when it is face-centered. As illustrated
by the curves in figures 6, 8, 12, 16, 27, 38, 44, and 45,
however, the modulus-extension curves cannot be
placed in two distinct classes. Furthermore, approach
to the preferred orientation (sec. IX) of some face-
centered cubic metals tends to cause decrease of the
modulus.

Erroneous views as to the influence of internal stress
have been reached because attention has been confined
to the slope of the stress-strain curve at some indefinite
point. Study of the variation of the modulus of elas-
ticity with plastic extension should envisage the entire
stress-strain curve; it therefore should include in its
scope Ey, Gy, and C’. By such study, it can be shown
that introduction of internal stress does not generally
cause decrease of Ey,. Internal stress, however, is one
of three important factors affecting the form of the
modulus-extension curve, though it is not the cause
of the descent of the curves in figures 44 and 45.

The descent of these curves is due to an important
factor not mentioned by Kawai. This factor is prob-
ably connected with the structural changes (other than
change of orientation) that cause work-hardening of a
metal, such changes as slip on crystal planes, lattice
distortion, grain fragmentation, etc. The factor that
tends to depress the C, curves, therefore, will be termed
the “work-hardening’’ factor. The three important
variables affecting the course of a modulus-extension
curve are: crystal orientation, internal stress, and the
work-hardening factor. Although all three factors
may affect the course of the curve simultanously, a
short curve may manifest the influence of only one
factor; a long curve may manifest successively the
influence of two factors, or even of all three factors.

The O, curves for copper (figs. 44 and 45) are quali-
tatively similar to the E, curves. This similarity
indicates that the same two influences cause the descent
and the rise of both these curves. The descent of the
G, curves, therefore, is due to the dominant influence
of the work-hardening factor; the reascent is due to the
dominant influence of the change of crystal orientation.
THE DIRECTIONAL VARIATION OF THE STRESS-COEFFICIENT OF

THE MODULUS OF ELASTICITY

No published information has been found regarding
the variation of the curvature of the stress-strain line
with the direction in a metal crystal. The reascent of
the G, curves for copper accompanying the reascent of
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the Ey curves (figs. 44 and 45), however, suggests that
the variation of C, with the direction in a metal crystal is
qualitatively similar to the variation of E,. Kvidence
tending to substantiate this view may be found by
comparing certain values of E, and C, for different
metals of the same type, and for the same metal after
different heat treatments.

In section VI, it is shown that the values of both E,
and ¢, obtained with 18:8 chromium-nickel steels
DM and DH are much lower than the values obtained
with the five 18:8 alloys considered in reference 1.
This difference in elastic properties cannot be attributed
to difference of chemical cormposition and probably not
to difference of microstructure or to difference in
internal stress. The difference in elastic properties
possibly is due to a difference in crystal orientation.

The 13:2 chromium-nickel steel E (sec. VII) gave
much higher values of both E, and C, after tempering
at 1,240° F. by the manufacturers than after the high-
temperature-solution treatment by the authors. These
differences cannot be attributed to a difference in
microstructure or to a difference of internal stress but
possibly may be attributed to a difference of crystal
orientation. After treatment by the manufacturers, the
13:2 alloy probably retained the deformation texture;
after the solution treatment by the authors, the alloy
possibly acquired a recrystallization texture. The
recrystallization texture of a body-centered cubic alloy,
as stated in section IX, is generally derived from the
deformation texture by rotation of the crystals about
15° in each direction from the preferred orientation
[110]. Such rotation from a [110] direction toward a
[100] direction, as shown in figure 51, would decresse
the modulus of elasticity of the grains in the longi-
tudinal direction. It is thus possible to account for
the lower value of E; obtained with the 13:2 alloy
after the high-temperature-solution treatment. To the
same cause may possibly be attributed the lower value
of C,.

The evidence obtained with the 18: 8 alloys, with the
13 :2 alloy, and~with copper, therefore, indicates that
the directional variation of the modulus of elasticity is
accompanied by a qualitatively similar variation of the

‘linear stress coefficient of the modulus, and hence is

accompanied by a qualitatively similar variation of the
degree of curvature of the stress-strain curve. When
the directional variation of E; is of the usual type
(represented by figs. 49 and 51), C, possibly is greater
in a [111] direction than in a [110] direction and much
greater in a [110] direction than in a [100] direction.
THE THREE FACTORS AFFECTING VARIATION OF Co AND C’/ WITH
PRIOR PLASTIC EXTENSION

In the study of the factors affecting the variations of
stress-strain curve with prior plastic extension, attention
will first be given to the factors affecting C,. The G,
curves to be considered first are the curves obtained
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with metals that are initially free, or practically free,
from internal stress. With plastic extension of these
metals, internal stress is a generally increasing variable.
The simplest () curves for such metals are obtained
with work-hardened metals that have been annealed
for relief of internal stress. In these short curves, only
one factor is dominant, the influence of increasing
internal stress.

Curves of this kind were obtained with monel metal
G-8 and Inconel 1-8.5 (fig. 12) and with 18.8 alloys
DM-9 and DH-9 (fig. 28). Relief of internal stress
by heat treatment, as shown by comparison of the
corresponding diagrams for annealed and unannealed
metals in figure 12, reduced G, for each metal to a very
low value. | With plastic extension after the annealing,
however, the C, curves for all these annealed metals rise
rapidly at a decreasing rate. This rise evidently is
due to restoration of internal stress.

The next curves to be considered are the longer C,
curves obtained with the fully annealed metals G-12
and G-14 (figs. 6 and 8), L—17.5 (fig. 16), and DM-18.3
(fig. 27). Each G, curve for these metals has an initial
rise followed by descent at a decreasing rate. A similar
curve, obtained with the annealed 18:8 alloy 2A-1,is
shown in figure 15 of reference 1. These eurves, unlike
the C, curves for copper (figs. 44 and 45), are dominated
first by an elevating influence, then by a depressing
influence. The elevating influence is internal stress,
the same factor that causes the rise of the C, curves
for metals G-8 (fig. 12), 1-8.5 (fig. 12), and DM-9 and
DH-9 (fig. 28); the depressing influence is the work-
hardening factor. The dominance of the internal-
stress factor is within the extension range of the rapid
rise of internal stress.

Although these curves are not dominated by the
third factor, change of crystal orientation, their course
is somewhat affected by this factor. Change of crystal
orientation with plastic extension tends to increase
the modulus of elasticity of monel metal (sec. IX)
and probably of Inconel, which contains a large per-
centage of nickel. Such 2 change of crystal orientation
of these metals, like increase of internal stress, would
tend to elevate the C, curve. This elevating factor,
however, is initially less rapid than the change of
internal stress. The reorientation factor does mnot
usually become dominant until the depressing influence
of the work-hardening factor has become considerably
weakened. Even then, it does not become dominant
in the C, curves for annealed monel metal, Inconel,
and 18:8 alloys (figures 6, 8, 16 and 27). The initial
rise of these curves consequently is due to the domi-
nant influence of internal stress. .

If internal stress in these alloys were as high at the
beginning of plastic extension as it is after extension
of 15 percent or more, the G, curves probably would
start at very high values of ¢ and would descend con-

REPORT NO. 696—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

tinuously at a decreasing rate. The curves thus would
manifest the influence of the work-hardening factor
alone.

Increasing internal stress with prior plastic extension
moreover, probably is the cause of the initial increase
of the quadratic stress coefficient ¢/ (figs. 46 and 47).
The rise and the descent of the ¢’ curves, like the rise
and the descent of the C, curves, is due to the influence
of two factors. At first the influence of increasing
internal stress is dominant and the curves rise; soon the
influence of the work-hardening factor becomes domi-
nant and the curves descend. Dominance of the work-
hardening factor begins sooner in the ¢’ curves than
in the C, curves.

The basic C, curve for the 13:2 chromium-nickel
steel (fig. 38) is similar to the () curves for annealed
monel metal (figs. 6 and 8), Inconel (fig. 16), and 18:8
alloy (fig. 27) in that each curve rises initially to a
maximum and descends at a decreasing rate. This
metal, after tempering at 1,240° F. by the manufac-
turers, probably retained its dodecahedral [110] de-
formation texture (sec. X); the crystal orientation,
therefore, would change little with tensile extension.
Tensile extension, however, would be expected to cause
initial rapid rise of internal stress. The initial rise of
the G, curve (fig. 38) can therefore be ascribed to the
dominant influence of increasing internal stress. The
descent at a decreasing rate is due to dominance of the
work-hardening factor. In the long, nearly horizontal
part of the basic curve, the two opposing factors evi-

- dently are nearly in balance.

The descent from the maximum is much less in this
curve than in the curves for the three single-phase
alloys. This relationship suggests that the work-hard-
ening factor may vary with the rate of work-hardening
of the metal. A (C, curve influenced solely by the work-
bardening factor would be the reverse in form of a curve
of variation of the 0.1-percent proof stress with prior
plastic extension. The greater the ascent of the proof
stress-extension curve, the greater probably would be
the descent of the corresponding curve of variation of
G, under the influence of the work-hardening factor
alone.

The (, curves for annealed copper (figs. 44 and 45) do
not manifest an effect of internal stress. Variation of
internal stress, nevertheless, probably has some effect
on the course of these curves. The absence of an initial
rise of the ( curve may be attributed to the relative
softness of this metal. Because of the softness of cop-
per, initial work-hardening with plastic extension is
rapid and the increase of internal stress is rather slow.
The work-hardening factor thus predominates over the
internal stress factor and prevents an initial rise of the
C, curve. In the absence of influence of change of
crystal orientation, the C, curve for copper probably
would descend continuously at a decreasing rate.
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The factors affecting the (y curve are generally less
easily distinguished in the curves for unannealed work-
hardened metals than in the curves for fully annealed
metals, because slight plastic extension of the work-
hardened metals generally causes rapid decrease of
internal stress and thus tends to cause initial descent
of the (y curve to & minimum. (With further plastic
extension, the internal stress increases and thus ftends
to elevate the C, curve). The work-hardening factor
tends to cause continuous descent of the (, curve,
although the influence of this factor may be slight if the
metal was severely cold-worked prior to the tensile
extension. Two factors therefore tend to cause initial
descent of the (; curve for unannesled work-hardened
metals. The third factor, change of crystal orientation,
tends to elevate the O, curve for most metals but tends
to depress the curve for a few metals, such as silver
(sec. IX). 'This factor may have important influence,
even though cold-working prior to the tensile extension
has been severe.

The (; curve for unannealed work-hardened monel
metal G (fig. 12) shows no definite trend. The absence
of downward trend of this curve probably is due to
approximate balance between the depressing influence
of relief of internal stress and the elevating influ-
ence of increase in [111] crystal orientation. As the
reduction of cross section by cold-drawing was only
about 40 percent, the change of crystal orientation
probably was far from complete. Approach to pre-
ferred orientation during tensile extension, consequently
would tend to elevate the C; curve and thus would
oppose the depressing tendencies due to decrease of
internal stress and to the work-hardening factor.

The C; curve for unannealed, cold-drawn Inconel L
(fig. 12) descends at a generally decreasing rate, at
least to an extension of about 2 percent. Similar
curves, obtained with work-hardened 18 : 8 alloys, are
shown in figures 11 and 19 of reference 1. The descent
of these curves with slight plastic extension probably
is due chiefly to relief of internal stress.

Relief of internal stress tends to decrease C,, whether
the relief is caused by slight plastic extension or by
annealing. The effect of relief by annealing is revealed
by comparison of the initial values of Cj for monel
metal G and G-8 and for Inconel L and L-8.5 (fig. 12).
Caution is necessary, however, in attributing the ob-
served effects of such annealing to only one of the three
important factors affecting C,. Annealing for relief of
internal stress generally affects more than one of these
factors. It generally causes some decrease in hardness
in single-phase alloys such as monel metal and Inconel,
~ as illustrated by comparison of the 0.1-percent proof-
stress curves for annealed and unannealed metals in
figure 10. It may also cause structural changes in some
alloys. To such changes may be attributed the fact
that G, is higher for 18 : 8 alloys DM and DH after
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annealing at 900° F. than for the unannealed, work-
hardened alloys (fig. 30). That relief of internal stress
by the annealing at 900° F. was not the cause of this
increase of G, is indicated by the rise of the ( curves
for these alloys with restoration of internal stress
during plastic extension (fig. 28).

FACTORS AFFECTING THE VARIATION OF E; WITH PRIOR PLASTIC
EXTENSION

The same three factors that determine the variation
of O, with plastic extension determine the variation of
Ey. The effects of two of these factors, the work-
hardening factor and the change of erystal orientation,
on the K, curve for copper (figs. 44 and 45) have been
discussed. The effect of each of these factors on the
E, curve was found to be similar to the effect on the G,
curve. Supplementary evidence that change of crystal
orientation affects these two curves similarly, was also
discussed previously. In the following discussion, ref-
erence will be made to additional evidence as to the
influence of the reorientation factor and the work-
hardening factor on the E, curve.

There is considerable evidence that internal stress,
like the other two factors, tends to affect the G, and
E, curves similarly. This evidence will be presented
first, and attention will then be called to some apparent
contradictions.

The steep ascent and descent of the E; curves for
annealed Inconel (fig. 16) and for annealed 18:8 alloy
(fig. 27), accompanying 2 similar course of the cor-
responding O, curves, suggests that the K, and G
curves for these alloys are dominated by the same two
factors. The rise and the descent of these C, curves
has been attributed (sec. X) to dominance of increasing
internal stress followed by dominance of the work-
hardening factor. The rise and the descent of the E,
curves, therefore, probably is due to successive dom-
inance of these two factors.

Additional evidence that Increase of internal stress
tends to elevate both the E, and G, curves is found in
the diagram for fully annealed monel metal G-12 (fig.
8). The rise of the 0, curve is accompanied by an
initial rise of the I curve. As the rise of the 0, curve
has been attributed to dominant influence of increasing
internal stress, the initial rise of the H, curve may be
attributed to the same factor. The descent of the
B, curve from the maximum, like the descent of
the C, curve, probably is due to dominance of the
work-hardening factor. The reascent of the K,
curve probably is due to dominant influence of change
of crystal orientation. The elevating influence of this
factor evidently is much stronger for this metal than
for Inconel. The E; curve for annealed Inconel (fig.
16) shows only slight evidence of reascent after the
depressing influence of the work-hardening factor has
been considerably weakened.
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The Ey curve for annealed monel metal G-14 (fig.
6), unlike the curve for annealed monel metal G-12
(fig. 8), does not reveal the successive influence of all
three factors. The slow initial rise of the curve may be
due to the combined influence of increasing internal
stress and change of crystal orientation. After this
rise, the influence of the work-hardening factor evi-
dently becomes dominant and the curve descends at a
decreasing rate. Dominance of any one factor in the
E, curve for annealed monel metal is evidently slight.

No tendency to reascent is found in the E, curve for
annealed 18:8 alloy (fig. 27). The continuous descent
of this curve from its maximum suggests the possibility
that the change of crystal orientation of this alloy may
involve decrease, rather than an increase, in the pro-
portion of grains with [111] orientation. Such a change
would tend to depress the E, curve (and probably the
Cy curve). Although this alloy is predominantly face-
centered cubic, it contains a large proportion of na-
turally body-centered cubic elements (iron and chro-
mium). The proportion of grains with [111] and [100]
orientations, consequently, may be different from the
proportion in an alloy (such as monel metal) of two
face-centered cubic metals. The rapid continuous
descent of the E, curve for the 18:8 alloy, however,
may be primarily due to strength of the work-hardening
factor, in accordance with the high rate of work-harden-
ing of this alloy.

The evidence previously presented indicates that
tnerease of internal stress tends to cause increase of both
C,and E,. The evidence now to be considered indicates
that decrease of internal stress tends to cause decrease
of both G, and E.

Slight plastic extension of unannealed, severely cold-
worked metal, as shown in the previous report and as
llustrated by a number of examples in this report, tends
to cause decrease of internal stress. In the diagram for
unannealed, work-hardened Inconel L (fig. 12), the
effect of such relief of internal stress isrevealed by the
rapid initial descent of both the (C, and £, curves.
(This rapid effect, obtained with severely cold-worked
metal, cannot be attributed to the work-hardening
factor.) Annealing this same cold-drawn alloy for relief
of internal stress has a similar effect, which is revealed
by a comparison of the initial values of E; and C; in the
diagrams for Inconel L: and I-8.5 (fig. 12). The relief
of internal stress by annealing has decreased both G,
and Eo.

The initial values of F; and O, for unannealed work-
hardened Inconel L (fig. 12) are much higher than the
values obtained by the tensile extension of fully annealed
Inconel I-17.5 (fig. 16). The maximum values ob-
tained by this tensile extension were attained when the
extension reached about 2 percent. With further ex-
tension, K, reached a minimum about equal to the
initial value for annealed Inconel; the curve then gives
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some indication of reascent, probably under the influ-
ence of change of crystal orientation. At the beginning
of local contraction (at about 35-percent extension), how-
ever, By is far below the value obtained with unannealed,
cold-drawn Inconel I (fig. 12) and is also far below the
maximum value for annealed Inconel L~17.5 (fig. 16).
Cold-drawing the fully annealed Inconel, after tensile
extension of 35 percent, probably would cause further
increase of B;. The reorientation factor alone, however,
probably would be insufficient to increase F, and C; to
the values found for cold-drawn Inconel L. These high
values probably are due to high internal stress induced
by drawing. Comparison of the diagrams for annealed
Inconel 1-17.5 and unannealed cold-drawn Inconel L
therefore gives support to the view that increase of
internal stress tends to cause increase of both ()
and H,.

Additional evidence that variation of internal stress
tends to cause qualitatively similar variation of E,
may be found by referring to the oscillations superposed
on the basic curves of variation of E, and C, with prior
plastic extension. The oscillations at pairs of experi-
mental points, as mentioned frequently in previous
discussion, generally are qualitatively the same for
corresponding E, and C, curves. Although variations
of the rest interval affect the magnitude of each oscilla-
tion, the oscillations are obtained even when all the
rest intervals are long. The second experimental point
of a pair, in both the E, curve and the (; curve, gener-
ally is lower than the first. As this abrupt decrease
of C; can be attributed to nothing else than decrease of
internal stress, the accompanying abrupt decrease of
Ey may be attributed to the same factor. The rela-
tively long plastic extension prior to determination of
the first experimental point of a pair evidently tends to
cause increase of internal stress, and the short plastic
extension prior to determination of the second experi-
mental point tends to cause decrease of internal stress.
These variations of internal stress evidently tend to
cause similar variation of both G, and E,.

Attention will now be given to some instances of
increase of O, associated with decrease of H,. An
example of this relationship is found in the diagram for
13: 2 chromium-nickel steel E (fig. 38). The rise of
the C, curve, under the dominant influence of increasing
internal stress, is associated with a descent of the X
curve. This fact does not necessarily imply, however,
that increase in internal stress in this metal tends to
cause decrease of E;. As the work-hardening factor is
dominant throughout the descending portion of the
O, curve, a natural surmise is that the continuous
descent of the By curve is due to dominant influence of
the same factor. According to this surmise, the influ-
ence of increasing internal stress is dominant in the
ascent of the (; curve but the work-hardening factor is
dominant in the corresponding portion of the Ey curve.
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Such a relationship is compatible with the view that
increasing internal stress tends to elevate both the
C, and B, curves.

Other examples of increase of C, associated with
decrease of K, are found in the diagrams for three
metals that have been annealed for relief of internal
stress, Inconel 1-8.5 (fig. 12), 18: 8 alloy DM-9 (fig. 28),
and 18:8 alloy DH-9 (fig. 28). Although the G,
curves ascend under the dominant influence of restora-
tion of internal stress, the E; curves descend. This
relationship does not necessarily mean, however, that
increasing internal stress fends to cause decrease of K
for these metals. There is no apparent reason for such
difference (in influence of internal stress) between
these metals and the same metals in the fully annealed
condition (figs. 16 and 27). The descent of the K,
curves for Inconel 1-8.5 (fig. 12) and for 18:8 alloys
DM-9 and DH-9 probably is due to dominant influence
of the work-hardening factor. This view is supported
by the fact that the descent of these curves is associated
with ascent of the corresponding (0.10 percent) proof-
stress-extension curves (figs. 10 and 25).

The opposite trends of these Ey and C, curves is ex-
plainable on the assumption that increasing internal
stress tends to increase both €, and E, and that the
work-hardening factor is dominant in the E, curve but
not in the G, curve. The effect of the internal stress
factor on By or C, can be represented by a curve rising
at a decreasing rate, and the effect of the work-harden-
ing factor can be represented by a curve descending at
a decreasing rate. By superposition of two such
curves, the resultant curve sometimes has an initial
rise followed by descent and sometimes descends con-
tinuously from the origin. This difference in form of
the resultant curve depends on quantitative, not on
qualitative, differences in the component curves. The
forms of all the modulus-extension curves, therefore,
are explainable on the assumption that variation of
internal stress tends to cause similar variation of both
00 and Eo.

THE TILT OF THE STRESS-STRAIN CURVE AS AFFECTED BY INTER-
NAL STRESS, CRYSTAL REORIENTATION, AND THE WORK-HARD-
ENING FACTOR

By the “tilt” of the stress-strain curve is meant the

inclination of the curve as a whole, up to the yield point.
The stress-strain curve up to the yield point may be
viewed as the ascending portion of a hysteresis loop.
An index of the tilt of such a loop is the inclination of a
straight line drawn from the origin to the vertex. The
successive loops of a series, as shown in the preceding
report, may vary greatly in maximum width yet change
very little in tilt. Such a change in width involves an
increase in the curvature of the ascending curve and
in the slope of the curve at the origin. Increase in the
width causes an increase of both G and E;; decrease
in the width causes a decrease in both these indices.
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It has been shown that each of the three important
factors tends to cause similar changes in both ¢ and
E,. Each of the factors, therefore, evidently tends
either to increase or to decrease the width of the hyster-
esis loop. Consideration will now be given to the
influence of each factor on the tilt of the stress-strain
curve. Information as to the variation of tilt with
prior plastic extension may be obtained by comparing
the modulus-extension curves for Ey,, s, or Eyy with
the corresponding curves for E,. In the following com-
parison, attention will be confined to metals that were
not in the work-hardened condition prior to the tension
test.

The trend of a curve of variation of Ey (the secant
modulus at the yield point) with prior plastic exten-
sion would be qualitatively similar to the trend of the
corresponding curve of variation of Es, Ejy, or Eig.
The trend of a basic Ey, Ej, or Hy curve therefore
indicates qualitatively the influence of prior plastic
extension on the tilt of the stregs-strain curve. In the
diagram for annealed 18:8 alloy steel (fig. 27), the trend
of the E; curve is downward, at least throughout the
extent here shown. A similar frend of the Ej, curve,
throughout its entire extent, is found in the diagram
for 13:2 chromium-nickel steel (fig. 38). In the dia-
grams for annealed monel metal (figs. 6 and 8) and
annealed Inconel (fig. 18), the trend of the Ey curves
is upward. An upward trend of the Ej, curves is also
found in the diagrams for annealed copper (figs. 44 and
45). An upward trend is found when the correspond-
ing E, curve reveals an elevating influence of the re-
orientation factor. A downward trend is found when
the Ey curve shows no elevating influence of this factor.
The evidence therefore appears to indicate that the
reorientation factor tends sometimes to tilt the stress-
strain curve backward, and that the work-hardening
factor tends to tilt the curve forward.

The influence of the internal-stress factor on the tilt
of the stress-strain curve is indicated by comparison of
the abrupt superposed oscillations in the Hy, Ey or
By curve with the corresponding oscillations in the Ey
curves. The oscillations are either absent in the former
curves or are much less than in the latter curves.
Practically no superposed oscillations, at pairs of ex-
perimental points, are found in the Ey curves (not
shown in this report). The evidence therefore indicates
that abrupt variations of internal stress, although they
cause similar abrupt variations of E, and C,, cause
practically no change in the tilt of the stress-strain
curve.

According to the available evidence, therefore, the
work-hardening factor tends to tilt the stress-strain
curve forward and to decrease its curvature. When the
reorientation factor tends to increase Ky, it also tends
to tilt the stress-strain curve backward and to increase
its curvature. When the reorientation factor tends to
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decrease K, it also tends to tilt the stress-strain curve
forward and to decrease its curvature. The internal-
stress factor affects the curvature but probably haslittle
effect on the tilt of the stress-strain curve.

CONCLUSIONS

The following conclusions apply to all the metals con-
sidered in this report except as indicated.

1. An incomplete view of the tensile elastic properties
of a metal is obtained by considering either the stress-
strain or the stress-set relationship alone. Considera-
tion should be given to both relationships.

2. In a study of elastic properties, consideration
should be given to the influence of hysteresis and of
positive and negative creep.

3. Both the stress-set relationship and the stress-
strain relationship are much influenced by the duration
of the rest interval and by the extension spacing. The
influence of duration of the rest interval is associated
with negative creep.

4. Curves of variation of the proof stresses with prior
plastic extension often have many wide, abrupt oscilla-
tions superposed on a more gradual wavelike curve.
The wide oscillations are generally associated with
varying duration of the rest interval and with variation
in the extension spacing of the experimental points.
The complexity of form of the proof-stress-extension
curve may be attributed in part to variation of internal
stress with plastic extension.

With prior plastic extension, the proof stresses rep-
resenting permanent set values of 0.03 and 0.1 percent
generally increase continuously. With prior plastic
extension, the 0.001- and 0.003-percent proof stresses
generally do not increase or decrease continuously but
either increase to & maximum or decrease to & minimum;
beyond this maximum or minimum, these proof stress-
extension curves oscillate with little or no general
upward trend. The 0.01-percent proof stress may
follow a course similar to either the two lower or the
two upper proof stresses.

6. The initial trend of the two lower proof-stress-
extension curves, and sometimes of the 0.01-percent
proof-stress-extension curve, depends on the initial
change of internal stress and on the rate of work-hard-
ening. Increase of internal stress tends to cause
descent, and work-hardening tends to cause ascent, of
the lower proof-stress-extension curves.

7. When the initial internal stress is high, as it gen-
erally is in unannealed, severely cold-worked metal,
tensile extension tends to cause decrease of internal
stress to 2 minimum. When the initial internal stress
is zero or at a minimum, as it is in metals that have
been fully annealed or annealed for relief of internal
stress, tensile extension tends to cause increase of
internal stress to & maximum.
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8. With plastic extension of unannealed, work-
hardened metals, the 0.001- and the 0.003-percent
proof stresses generally increase considerably to a
maximum, reached at a small percentage of plastic
extension, and then decrease to a minimum. Further
extension causes irregular oscillations in the proof-stress-
extension curve.

9. With plastic extension of fully annealed metals,
or of metals that have been annealed for relief of
internal stress, the increasing internal stress tends to
depress, and the work-hardening tends to elevate, the
proof-stress-extension curve. If the rate of work-
hardening of the metal is not high, the influence of
the increasing internal stress predominates and the
curve has an initial descent to a minimum. If the
rate of work-hardening is high, as in annealed 18:8
chromium-nickel steel, the influence of the work-
hardening at first predominates and the curve has an
initial rise. Later, however, the influence of the in-
creasing internal stress predominates, and the curve
descends to a minimum.

10. From corresponding stress-strain and stress-set
curves may be derived corrected stress-strain curves
to represent approximately the variation of elastic
strain with stress. From the corrected stress-strain
curves may be derived curves of variation of the
secant modulus with stress.

11. The stress-modulus line for fully annealed single-
phase metals is generally curved. With prior plastic
extension, the curvature generally first increases, then
decreases. With high-strength single-phase alloys,
such as 18:8 alloy, monel metal, and Inconel, the curva-
ture of the stress-modulus line generally is negligible
after prior extension-of more than about 10 percent or
15 percent, and sometimes after considerably less prior
extension. For half-hard and hard alloys of this type,
the stress-modulus line is generally straight.

12. The stress-modulus line for an alloy that is
suffictently hardened by finely dispersed hard particles,
such as carbides (as an example 13:2 chromium-nickel
steel), is straight.

13. The stress-modulus line for an annealed, rela-
tively soft metal, such as copper, is strongly curved.
With prior plastic extension, the curvature first in-
creases then decreases. KEven after severe cold work,
however, the stress-modulus line may be slightly
curved.

14. Straightness of the stress-modulus line indicates
that the corresponding stress-strain line is a quadratic
parabola. The curvature of the parabola may be
measured either by the slope (k) of the stress-modulus
line or by the linear stress coefficient (C;) of the modulus.
The modulus at zero stress (;) may be obtained by
extrapolating the stress-modulus line to zero stress.
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15. When the stress-modulus line is curved from the
origin, a second constant (C”) is needed to represent the
curvature of the stress-modulus line.

16. For some fully annealed metals and for some other
metals that are free from effects of cold-work, G, is
zero, and the stress-strain line, consequently, is a cubic
parabola. The stress-strain line corresponding to a
curved stress-modulus line may be viewed either as the
result of superposition of a cubic parabola on a quad-
ratic parabola or as a single parabola whose exponent
ranges between 2 and 3. For a metal sufficiently
hardened by alloying or by cold-work, the stress-strain
line generally is a quadratic parabola.

17. Increase in the rest interval tends to decrease the
slope of the stress-set curve and thus to decrease the
proof stresses. Increase in the rest interval tends to
increase the initial slope (Ey) and the curvature (C)
of the “corrected” stress-strain curve.

18. The effect of increase of the rest interval on
Ey, Gy, and the proof stresses, is opposite to the effect
of relief of internal stress. The effect of the rest
interval is apparently some kind of softening effect,
which (at least for a while) predominates over any
beneficial effect of relief of internal stress by negative
creep.

19. When E,, C,, ¢, and the five proof stresses are
known, a fairly good picture is available of the elastic
strength in tension.

20. Because of the great directional variation of the
modulus of elasticity of a metal crystal, change of
orientation of the grains of a polycrystalline aggregate
may greatly affect the course of the modulus-extension
curve. With most face-centered cubic metals, cylin-
drical extension causes such change of crystal orienta-
tion that E, tends to increase. Some face-centered
cubic metals, however, exhibit the opposite tendency.
With body-centered cubic metals, change from random
to preferred orientation tends to cause some increase
in K. Annealing may greatly affect the crystal orien-
tation and thus may affect the modulus-extension curve.

21. The directional variation of the stress-coefficient
(o) of the modulus of elasticity of a metal -crystal
probably is similar to the directional variation of the
modulus of elasticity (&).

22. Change of crystal orientation with plastic exten-
sion, therefore, tends to have qualitatively the same
effect on £y and .

23. The curves of variation of G, and E, with prior
plastic extension are continuously affected by three
important factors: Internal stress, crystal orientation,
and the work-hardening factor. Change in dominance
from one factor to another is accompanied by reversal
in curvature. By the “work-hardening” factor is meant
the influence of the structural changes (slip of crystal-
lographic planes, lattice distortion, etc.) other than
change of crystal orientation.
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24. The work-hardening factor always tends to cause
decrease of both E, and C,.

25. A variation of internal stress tends to cause a
similar variation of C,.

26. A variation of internal stress tends to cause a
similar variation of .

27. The reorientation factor tends to elevate the
modulus-extension curves for copper, monel metal, and
Inconel, has a slight tendency to elevate the curve for
13 : 2 chromium-nickel steel, and shows no tendency
to elevate the curves for 18 : 8 alloys.

28. Variations of E, and (,, especially variations due
to the influence of the rest interval and of the extension
spacing, generally are accompanied by opposite varia-
tions in the proof stresses, especially the 0.001- and
0.003-percent proof stresses.

29. The tilt of the stress-strain curve as a whole (up
to the yield point) generally varies with the prior plastic
extension. The work-hardening factor tends to tilt
the stress-strain curve forward and to decrease its
curvature. When the reorientation factor tends to
increase Fy, it also tends to tilt the stress-strain curve
backward and to increase its curvature. The internal-
stress factor, although it tends to affect the curvature,
probably has little effect on the tilt of the stress-strain
curve.

30. Annealing of 18 :8 chromium-nickel steel at
about 900° to 950° F for relief of internal stress causes
great improvement in' the proof stresses, especially the
0.001- and 0.003-percent proof stresses. Annealing for
a longer time at a lower temperature, about 36 hours at
about 480° F, causes practically no increase in the
proof stresses above the values that would be obtained
by annealing at the same temperature for 30 minutes.
The longer duration of anneal, however, causes con-
siderable decrease in (.

31. Heat treatment of the 13 :2 chromium-nickel
steel at 700° to 900° F causes great improvement in
the proof stresses. ’

32. Annealing cold-worked monel metal and Inconel
for relief of internal stress causes great improvement
in elastic strength without important loss in tensile
strength.

33. Aluminum-monel metal can be given high elastic
strength by suitable heat treatment.

34. By slight prestretching of a metal having high
internal stress, the reduction of the internal stress is
comparable with that caused by suitable annealing.
Slight prestretching of a metal that has been annealed
for relief of internal stress, however, generally tends to
increase the internal stress to a high value.

NarronaL BUREAU of STANDARDS,
WasaiNneroN, D. C., February 23, 1940.
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FiGURE 38.—Influence of prior plastic extension on the modulus of elasticity and on its stress coefficient for 13 : 2 chromium-nickel steel E; as received.
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F1cure 40.—Influence of prior plastic extension on proof stresses for copper.
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F1GURE 41.—Influence of prior plastic extension on stress-deviation and stress-set curves for copper.
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FIGURE 42.—Influence of prior plastic extension on proof stresses for copper N-8; cold-rolled; annealed at 800° F.
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F1GURE 43.—Influence of prior plastic extension on the stress-modulus line for copper.
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FIGURE 44.—Influence of prior plastic extension on the modulus of elasticity and on its stress coefficient for copper.
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FIQURE 45.—Influence of prior plastic extension on the modulus of elasticity and on its stress coefficient for copper N-8; cold-rolled; annealed at 800° F.
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FIGURE 46.—Variation of quadratic stress coeflicient G’ with prior plastic extension.
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F1GURE 47.—Variation of quadratic stress coefficient C’ with prior plastic extension for annealed copper.
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FIGURE 49.—Directional variation of the tensile modulus of elasticity of a crystal FiGURE 50.—Directional variation of the tensile modulus of elastleity of a crystal
of gold. of aluminum.
Key for figures 49 to 53:
Crystallographic direction
Mark Name Symbol
C Cubic (100)
(o] Octahedral (111)
D Dodecahedrsl (110)
E Icositetrahedral (112)

4

FIGURE 51.—Directional variation of the tensile modulus of elasticity of 4 crystal FIGURE 52.—Directional variation of the shear modulus of elasticity of a crystal ot
of alpha iron. alpha iron,
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FIGURE 53.—Directional variation of the elastic limit of a face-centered cubic erystal.

TABLE IL—MECHANICAL TREATMENT AND CHEMICAL COMPOSITION OF THE SIX METALS TESTED

Chemieal composition (percent)
Desig- Mechanieal treatment
Materlal nation C| C | Ni | Fe | cu |Mn| a1 |si P | s
18:8 Cr-Nisteel _....ooueenen .. DM | Cold-drawn (half hard)
18:8 Cf‘-Ni steel. ... DH | Cold-drawn (hard)
13 : 2 Cr-Ni steel. . E Hot-rolled.....
Monel metal__.......__. ¢ Cold-drawn -
H Quenched, cold-drawn. ... oo ___
. J Quenched, cold-drawn and heat treated.
Inconel. . oocueneeen e L COIA-AraWD e oo e oL ¥ O N IO i OSSR
Oxygen-frecocopper . ..... .| N Cold-rolled..ccceeame - PR I IS ST R X7 2 N P S S

TABLE II. TENSILE PROPERTIES OF MATERIALS AS RECEIVED AND AFTER HEAT TREATMENT

Material

Condition as
regards heat
treatment ¢

. | Elongation in
Nomi- | 2inches (per-

Bardi. | mal cent) ggguoci_- Tensile Initial proof stress (ib/sq in.)

ameter | 558 | — aren | HopECH

in. axi- per- o S
eter in.) 0.1 per- 1 0.03 per-| 0.01 per-| 0.003 0.001
(in.) 111‘1)1;1&1 Total | cent) cent cent cent | percent | percent

Half-hard 18:8 Cr-Ni steel.....

Hard 18:8 Cr-Nisteel.., -oceroomomccmmeeeeccennes

Annealed 13:2 Cr-Ni steel .

Monel metal. ._...... -

Aluminum-Monel metal R

Heat-treated aluminum-Monel metal N

OXYZENTCC COPPALac mncccemmcc e mmmmmme e

}

RN 101,600 | 77,700 | 36,400 | 13,500
120,800 | 110,400 3 33, 000
54| o0.417 125,70 { 111,000 | 89,000 | 70, 500
) 130,700 | 113,200 | 91,500 | 59,000
), 27,700 | 26,200 | 22,500 | 16,200
145,600 | 122,300 | 100,700 | 73,500 | 46,000
204,000 | 153,000 | 94,600 | 53,000 | 31,000
207,800 | 163,800 | 92,000 | 52,000 | 24, 000
0.471 . 250 214,000 | 166,500 | 111,000 | 64,000 | 33, 000
224,000 | 198,600 | 170,000 | 116,000 | 46, 000
214,000 | 178,000 | 108,000 | 35,000 | 12,000
74,900 | 64,000 | 51,700 | 28,000 | 9,500
117,900 | 75,100 | 51,300 | 36,300 | 25.500
141,700 | 127,100 | 114.300 | 100,300 | 74, 000
143,200 | 131,300 { 122,000 | 112,000 | 81,000
7% 505 127,500 | 122,700 | 115,100 | 105,500 | 92, 7
q - 132,000 | 104,800 | 83,200 | 56,200 | 37, 000
99,300 | 89,500 | 73,600 { 53,000 | 38,000
78,500 | 68,500 { 56,600 [ 35,600 | 20,400
, 61,200 | 41,600 | 26,300 | 18.000
s 65,800 | 42,200 | 27,700 | 19,700
119,000 | 106,000 { 90,700 [ 72,500 | 60,300
2% 505 104,820 | 104,820 | 104,700 | 97,300 , 000
L I 45,250 | 45,250 ig, ggg 43,700 | 40, 000

3 .333 3.7 11.5 57.4 | 116,960 | 114,300 | 78,600 | 47,000 | 22,000 | 8.500
3% .3331 1IL5 15.0 30.9 | 164,150 | 128,800 | 120,000 | 110,800 | 93,000 | 45,000
¥

2.3 7.5 43.9 | 164,900 | 160,430 | 144,000 | 126,600 | 71,000
156,000 | 144, 500 | 134,700 | 119,800 | 41,000

33,980 | 33,680 | 30,100 | 22,600
7,760 6,470 5,330 4,340 | 3,500
7,100 5, 900 4,700 3,300 | 2,500

.333

24 .505

s In the designation of the condition of the material, a letter following a dash indicates the cooling medium in a hardening or softening treatment: A, air; F, furnace.
When this letter is followed by another dash and a number, the number indicates a subsequent annealing or tempering temperature (degrees Fahrenheit, in hundreds).

b Asreceived,
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TABLE IIIL.—DETAILS OF THERMAL TREATMENT

Tem- Tem-

L per- Time ora. | Timo
Material Designation held Cooled in— D held | Cooled in—
ature % ture
133) (min.) 153) (min.)
Half-hard 18:8 Cr-Ni steel Asreceived. .. -
EOJ N S FPNISPRIN FRS
30 | Furnace
30 |.....do
30 | Watero oo ecocmreeacfeccnmcafemiaanas
2,640 | Air -
Hard 18:8 Cr-Ni steel - As received...
500 30 Air
700 30 | Furnace
900 30 |....-do
480 i
Annealed 13:2 Cr-Ni steel Furnace.
Furnace.
Do.
- Do,
Do.
Do.
Do.
Do.
Monel metal G
G-8
G-12.
G-14
Aluminum-monel metal H i
Do.cuaues i £ SN VPRI PO P do PR SO,
Inconel j PSSR R S JEVIUR s ' YUV PR PRSI,
5. 850 120 | Furnace. oo ccmecmmacafeeemneaa]emaeaees
1-17.5 1,750 120 |.-...do.
Oxygen-fre¢ COpper. - N-6. 600 § 1,320 - .
xve v N8I 800 | 300 o

& By manufacturer. N N )
» Quenched and cold-drawn followed by precipitation hardening treatment (by manufacturer).

TABLE IV.—STRESS-DEVIATION CURVES FOR,ANNEALED OR TEMPERED METALS

‘ First loading Second loading Stress-deviation linee
Material Condition Designa- ‘
B Co c’ Ey Co c’ First loading Second load{ng
Annealed 1,200° F_.| G-12..... 25, 3x10% 7.4x10712 25, 4x106 7.1x10-7 17. 7x10-12 Intermediato.
Monel metal-_. {Annea]ed 1,400° F-. 25.0 1.1x10~ | 10.0 25.0 0 47.5 ubie. t

‘Annealed 1,750° F._| L-17.5 29.0 0 29.5 0 97.0 Do.
‘Annealed 1,830° F..| DM-183.-| 27.7 0 10.3 2.1 7.1 14.3 Intermediato.
Annealed_ oo - 210 13.6 31.5 37.4 14.9 0.
Tempered 1,240° F. 12.6 0 31.0 9.8 0 Quadratic.
Annealed 600° F__. 59.7 0 16.3 47.3 88.0 Intermediate.
‘Anpealed 800° F___ 168.0 ] 16.4 30.0 805.0 Do.

& The words “quadratic” and *‘cubic” refer to the type of parabola. The word «“intermediate’” means that the curve is intermediate between a quadratic and a cuble
parabola.



